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Abstract Erosion of the most volatile elemental gases by kcV electron and 
light-ion bombardment has been studied at the experimental setup at Risø. 
The present work includes frozen neon, argon, krypton, nitrogen, oxygen and 
three hydrogen isotopes, deuterium, hydrogen deuteride and hydrogen. The 
yield of these condensed gases has been measured as a function of film 
thickness and primary energy for almost all combinations of primary par
ticles (1-3 keV electrons, 5-10 keV hydrogen- and helium ions) and ices. 
These and other existing results show that there are substantial common 
features for the sputtering of frozen elemental gases. Within the two groups, 
the solid rare gases and the solid molecular gases, the similarity is striking. 
The hydrogenic solids deviate in some respects from the other elements. The 
processes that liberate kinetic energy for the particle ejection in sputtering are 
characteristic of the specific gas. 
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Preface 

The present thesis is based mainly on results that ha«- fceen obtain«-' -•* th« 
experimental setup at Risø in the period from 1981 to 1393. Most of these ;<\sults 
have been published already in the twelve publications encijsed, but urpioiished 
data have been included to the extent that it renews or completes the p e: .tat on. 
It has not been the intention of the author to add another review to the ticid. The 
main line in the survey has been to follow up the results already p.i-*t>sh*d and 
to discuss interpretations in view of the progress that has bee:- rc*^. by other 
groups or by the group at Risø. One has to consider the the?-s as an example 
of bow the data would have been presented today. The articles ana ;iu» survey 
are closely connected: The figures are usually not repeated, anr" references given 
in the articles are not necessarily included in the survey. T v t emphasis is on 
main lines and new developments in the past years. Some of rhe articles contair 
interpretations that no longer hold. This may be inevitable or work performed 
over such a long period. Nevertheless, it has been encouraging to reconsider the 
data, the models and the interpretations and to find that the overwhelming part 
of the previous work need be modified only slightly. 

It has been an exciting time. 
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1 Introduction 

The erosion of condensed gases by charged particles has been studied systemati
cally for more than ten years. The field was regarded as partly exotic in the initial 
phase, but it turned out that the features explored extended our bask knowledge 
in a number of neighbor fields as well. 

One of the most important points was the possibility of studying erosion of 
simple elemental insulators. Sputtering of frozen gases can take place as ordinary 
knockon sputtering and as electronic sputtering. While the knockon sputtering is 
the result of direct collisions between the primary and the target atoms, electronic 
sputtering, i.e. sputtering via electronic excitations, requires repulsive potentials 
during the electronic deexcitation. Usually, beam-induced evaporation of frozen 
gases is important at high temperatures or current densities, but at sufficiently 
low temperatures and current densities of the primary beam knockon or electronic 
sputtering is the dominant process. 

Electronic sputtering takes place for insulating materials alone, since the free 
electrons in conductors prevent the creation of metastable repulsive potentials. 

Since electronic excitations can be produced by electron and photon bombard
ment, it means that electronic sputtering can be performed with these two kinds 
of particles as well. It has turned out that sputtering by electrons usually is less 
efficient than that by ions, but experimentally thb is partly compensated by the 
possibility of having much larger electron than ion currents from ordinary particle 
sources. 

An important property of the frozen gases is the low surface binding energy 
which means that even a small energy release n.ay Had to a large sputtering 
yield. The binding energy characterized by the sublimation energy ranges from 
9 meV per hydrogen molecule up to, for example, 370 meV per molecule for 
sulphur dioxide. Another feature for these frozen room-temperature gases is the 
large variation in the magnitude of the sublimation energy. Even for such related 
materials as the solid rare gases the sublimation energy varies about a factor of 8 
from solid neon with a value of 20 meV up to xenon with one close to 160 meV 
This variation is larger than the corresponding one for related metals. 

In many cases the bombardment is accompanied by a strong luminescence. The 
wavelengths, intensity and decay time of the emitted light give information about 
the electronic levels through which the system passes during the electronic deex
citation. On the other hand, it means that independent emission and absorption 
experiments on condensed gases have been indispensable in identifying the precise 
processes that lead to electronic sputtering. 

Usually it has been possible to vary the film thickness of the condensed gas from 
thin layers up to those of thickness greater than the range of the primaries. In this 
way important characteristic properties of the transport mechanisms have been 
determined. A similar experimental procedure for varying the target thickness is 
much more complicated for nonvolatile materials than for frozen gases. 

The elemental gases are particularly instructive because their is little chemical 
activity in the condensed gases. Even though the formation of ions, ion-complexes 
or excited-neutral complexes takes place in these materials, the elemental gases 
are a convenient starting point for analysising heteronuclear or mixed condensed 
gases. 

The improved knowledge of the basic erosion processes has had a considerable 
impact on the field of erosion of icy surfaces in interplanetary and interstellar 
space. The effect of high-energy particles on hydrogenic pellels injected into plasma 
devices turned out occasional!; to be important in refuelling studies. The erosion of 
cryopumping surfaces by charged particle or photon impact in ultrahigh vacuum 
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devices may lead to serious problems during experiments that are sensitive to 
impurity contamination. 

The major points mentioued above will be treated in separate sections. The in
terplanetary or interstellar implications have been exclusively discussed by John
son (1990). The problems concerning pellet injection into plasma devices have 
been treated in standard references (Chang et el. (1980). Milora (1981) and Chang 
(1991)). The consequences for vacuum technique is, for example, discussed by 
Benvenuti et al. (198T). 

2 Experimental Procedure 

The erosion experiments were carried out with a liquid-helium cryostat mounted 
on a vacuum chamber into which an electron beam and a fight ion beam could 
be directed. For the luminescence measurements the setup was equipped with a 
monochromalor combined with a photon detection system. Essentially, the cryo-
slal is a modified version of the one that previously was utilized for secondary 
electron emission and particle range studies (Sørensen (19T6), Schou and Sørensen 
(1978), Børgesen (1982)). The important parameters for the setup are listed in Ta
ble 1, and a survey of the setup in different modifications b shown in Figures 1-3. 

TMt 1. Cktncteristic dimensions mnd ptrmmcttrs for tke sctnp dmri»§ tkt prtsent 
wvrt. 

Electron beam 
Distance from filament to substrate 
Practical energy region 
Current 
Current density 

Ion beam 
Distance from ion source to substrate 
Practical energy region 
Current 
Current density 

Target chamber 
Massive gold substrate or quartz crystal, diam. 
Opening of Faraday cup, diam. 
Aperture in front of quartz crystal, diam. 
Sweep aperture in front of crystal and cup, 
Film thicknesses (10IS particles/cm2) 
Pressure 

Light detection system 
Monochromator focal length 

diam. 

Accessible wavelength range (Valvo photomultip.) 
Resolution for 2 mm slits 
Monochromator aperture 

03 m 
0 8 - 3keV 

5O-30OnA 
1 - 20 «A/cm2 

2.8 m 
4 - 10 keV 
1.5 - 50 nA 

0.05 - 2 uA/cmJ 

H mm 
6 mm 
6 mm 

2 or 4 m.-n 
10 - 104 

2 - 4 10_* torr 

200 mm 
200 - 600 nm 

8 nm 
f/3.5 
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Cryogenic 
area ^S \ Electron gun 

Sweep aperture 

Rm of 
Massive solidified gas 
substrate or 
quartz crystal 

Treåre 1- Scktmttic view «/ tke experimental setup. View from tke top. The elec
tron era cam ke repltced •> tke connection to tke ion accelerator. 

The quartz crystal microbalanc« has been essential for making accurate 
erosion measurements. Its high mass sensitivity, compact sise and low cost have 
meant that determining the weight loss using this mi« rebalance has been the 
preferential way to make the present erosion measurements. 

Sputtering measurements based on this method were reported by McKeown 
(1961) about thirty years ago, and the method was used systematically through 
the seventies by for example Andersen and Bay (1972), Eernifse (1971) and others. 
Although the crystal occasionally was used as a thickness monitor in liquid-helium 
devices below 10 K (Levenson (1967)), direct beam-induced erosion of material 
deposited on a quartz crystal operating at liquid-helium temperatures was utilized 
systematically for the first time in the present work (Schou et al. (1984)). 

The theory and practical applicability of the quartz crystal microbalance are rel
atively well known (Lu (1984) and Cbburn (1989)). Basically, the deposit induces 
a reduction of the resonance frequency of the crystal. The subsequent erosion by 
the particle beam leads to an increase of the frequency relative to the film value. 
In the present work the area of the beam spot was always smaller than the de
position area, so that a macroscopic "crater" was formed in the film. The film 
thickness before exposure to the beam and the mass loss during irradiation were 
determined according to the specified relationship between the change of the res
onance frequency and the mass area density. The problems associated with the 
determination of the erosion rate and the dependence on film thickness have been 
discussed by Schou et al. (1984) and (1986) and Ellegaard (1986). 
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GAS-. rUOJQ HEUUM 

RADIATION 
SHCLO 

K A M 

APERTURE 

FARADAY 
CAGE 

BIASED RWG 

QUARTZ CRYSTAL 
SHCLO 

OSOLLATNG 
QUARTZ CRYSTAL 

FARADAY CUP 

Figmrt t. Sckemmtic inmrmf • / ike tmtfet rtfimn (Fnm Sternum tt ml. (1990)). 

Fifmrt 3. Scktmmlic new • / the modified sttmo for detection of luminescence. 

Cryogenic 
area 

Electron gun 

Mono-
chromator 

Photo-
multiplier 

Gold 
substrate 

Film of 
solidified gas 
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The main probkm for low temperature erosion experiments with a quartz crys
tal is there are two opposing demands: i) the crystal has to oscillale in a holder, 
and it) the thermal conduction from the electrode, on which the film is deposited, 
through the holder to the cryogenic parts must be sufficient!? good so that beam-
indnced evaporation can be avoided. It turned oat that if the copper wires an
chored to a flexible holder are too thick, they prevented the crystal from vibrating 
The final solution was to fix the cry*ol in the holder with silrer-epoxy glue at the 
edge of the electrodes, and to establish good thermal conduction with relatively 
thin copper wires between the contact points of the holder and the thermal cou
pling point on the cryoslat bottom. Even then, the gloe contact had to be renewed 
from time to time. 

Recently, it turned out that it was possible to fix the crystal to the holder by 
making a soldering point directly on the 4000-Å thick silver electrode (St_num 
et al. (1991b)). This methou improved the thermal conduction from the film to 
the cryogenic parts so that even solid hydrogen could be irradiated on the crystal 
without significant beam-induced evaporation. Results obtained in this way for 
proton bombardment of solid hydrogen and hydrogen deuleride are reported in 
Section 6 

The actual starting point for the measurements war making them on a mas
sive substrate. Th.* emtss'- ity-change method is base«.' on the idea that a the 
secondary eiectron emission coefficient of a thick film differs from that of the 
substrate. Usually, the reflection coefficient was used as a monitoring signal, but 
signals determined by other properties may also be used (Schou et al. (1984)). 
The important point is that the signal clearly indicates that the film is partly cr 
completely removed from the impact area of the particle b**m. 

The agreement between the data set obtained by the weight loss and the emiss-
ivity-change method turned out to be satisfactory provided that the area of the 
beam spot was properly determined. It turned out that the real beam spot was 
considerably larger than the projection of the aperture on the target. This was 
not realized in the initial phase of the measurements (Børgesen et al. (1982) and 
Schou et al. (1964)). As soon as tue behaviours of the quartz crystal at liquid-
helium temperature and during beam irradiation were sufficiently well-known, the 
weight loss method was applied throughout the present work. Then the emissivity-
change method was used only for measurements of the temperature dependence 
of the erosion yield. The determination of the precise temperature of the film on 
the crystal electrode was not possible, and we had to apply a massive substrate 
with a good thermal connection between the thermometer and film. 

Recently the results obtained by Balaji et al. (1990) turned out on the whole to 
agree with the data from the present work. Their measurements were performed 
with a system of oscillating quartz crystals in a configuration different from the 
present one. The two sets of data are compared in Table 2. 
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TeMr t. Cimjinsøns Stiver* Experau tttml Jtcsaås af jtu# sae* n .4u<n AU 
Pmnts f»r S ktV/f*. 

(Spmtttmf field f i m « spmtttrtd »tørns per tnndtnt mtøm, tktctmtssts n / f 7 

Ion 

HJ 
4He+ 

H? 
He* 

Ne+ 

Austin 
Yield 

60«) 
510»> 
663*> 

9» 
26" 
36*> 

546» 
596') 

Thkfcness 
Neon 

2 
1.8 

20 
Aigou 

2 
1.2 

20 
3 

20 

Yield 

52.43> 
420«> 

IOJ»> 
34«> 

8137* 

Risø 
Thkfcness 

4.8 
9 

4 
3.7 

3.7 

1) Preliminary results by J. Michl, D. David, T. Magnera and V. Balaji- Sample 
preparation as in 2). 

2) Balaji et al. (1990). The films w m condensed at annealing temp. (Ne 9 K 
and Ar 33 K) and irradiated at lower temp (Ne 3.5 K and At 4.5 K) The 
estimated yHd Ym from an undam-tged surface is given. 

3) Eliegurd et al. (1986). The point for 2.5 keV/atom interpolated from mea
sured values of 3 and 2 ke V/atom. 

4) Ellegaard et al. (1990). 

5) Schou et al. (1988). Points interpolated as in 3). 

6) Schou et al. (1988). 

7) J. Schou, O. Ellegaard. R. Pedrys and H. Sørensen (unpubl.) 

The films produced in the present cryogenic setup are all low-temperature 
condensates. These films are characterized by grain sizes typically about i00 A, 
accompanied by a high density of packing defe-ts (FugoT (1978)). Even though 
the dependence of the mass density on the temperature is known, the density of 
the films may be significantly smaller than that of perfectly grown bulk samples 
(Zimmerer (1987)). The films produced by almost all other groups show these 
cbaracteratic features as well. 

During the erosion measurement in the present setup the primary beam is swept 
horisontally and vertically over an aperture in front of the target. This ensures a 
homogeneous irradiation of the film. The determination of any thickness depen
dence is affected critically by the beam conditions. In particular, one may enhance 
the yield by beam-induced evaporation in an undesirable manner from the most 
volatile solids, if a well-focused beam remains at the same spot for a long period. 
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TåUt S. Som* fi9p€Ttots øf wmhk s+kd*jué fests er fa« ttmftrmtmrts c**std*né 

Partkie density 
[Vi** part/cm3] 

H*' 265 
HD«> 2J1 
D^ 303 
Ne*> 4 M 
Ar*> 2.67 
Kr»> 2.22 
K, 2.21«> 
O, i*t«> 

Snblimataoe 
cnerfy per partkk 

[meVj 

8 65 
10 8 
12 65 
196 

SO 
116 
7*«> 
90«) 

Struct it re 

hep" 
hcp2> 
hep2' 
fee 
fee 
fee 
fcc5> 
menodisuc C * 

1) Sowers (I9S6) 

2) ThåB Mans show occasional!; fec-structare (Stiver* (1910)) 

3) Schou (19S/) 

4) EaVgaard et al (1966a) 

5) Kjerm and DoBag (1975) 

( ) Kobsshi et al. (1979) 

3 Erosion Processes 

Tb« low binding energy of the atoms or molecules in a condensed gas means that 
beam-induced evaporation as well as sputtering may take place during particle 
bombardment. A survey of the dnfrrcnt possibilities is shown in Figure 4. However, 
lor electron bombardment of these solids only electronic spattering and beam-
induced evaporation are feasible erosion processes. Direct energy transfer from an 
incident keV-eJeciroo to a target particle at rest may lead to spattering (Townsend 
(1963)); however, for the energies used here this process may be feasible only for 
the two most volatile dements, solid neon and the hydrogens. Even for these two 
elements the cross section for energy transfer b so low that direct spu'Uring does 
not contribute significantly (Schou et al. (19*6)). 

3.1 Beam-Induced Evaporation 
As mentioned previously, beam-induced evaporation prevails at elevated target 
temperatures or at sufficiently high beam current densities. Essentially, beam-
induced evaporation n a consequence of the additional heating in the sample from 
the beam. Tbc beating of the impact area is provided by external heating of the 
substrate or by the current itself. For both cases there » a threshold below which 
the yidd is independent of the temperature and the current density. For higher 
temperatures or current densities the yield increases markedly. 

The threshold for beam-induced evaporation by external heating depends on 
the particular solid. Schou (1997) has demonstrated that t»c threshold tempera
ture rocs generally with increasing sublimation energy. As a matter of fact, the 

Ris«-R-59I(EN) I I 



EROSION 

\ 1 \ 
beam-induced knockon electronic 
evaporation sputtering sputtering 

solid rare gases 
(Ne.Ar.Kr.Xe) I 

molecular elemental gases 
(H 2 l D 2 .HD r N 2 ,0 2 . . . . ) 

chemical compounds 
(CO.H2O.SO2....) 

Figure 4. Schematic survey of the erosion processes. 

threshold turns out to lie close to a temperature corresponding to two per cent of 
the sublimation energy. 

An analogous case for beam-induced evaporation at high current densities was 
obtained by Schou et al. (1984). The total yield for electron-bombarded solid 
neon increased by more than two orders of magnitude mainly because of a current 
density increase from the threshold at 10 up to 35 fiA/cm2 . 

The large enhancement of the yield above the threshold is a consequence of the 
low binding energy and other thermal properties of these materials. According to 
the low-temperature spike model by Sigmund and Szymonski (1984) the total yield 
Ytet is a sum of the ordinary low-temperature yield Y (from electronic or knockon 
sputtering) and a term that accounts for the yield increase by evaporation 

V«.« = Y + [*(T. + AT€ / /) - *(T.)]/J (1) 

• is the evaporation rate (number of target particles evaporating per unit time 
and area). J is the current density, Ta the temperature of the ambient '.arget and 
&Ttu the average temperature rise of the target as a result of beam heating. 
The evaporation rate is then enhanced drastically by the increase ATe// from the 
beam because the total temperature increase T0 + &Tejj enters as an argument 
in an exponential. 

Energy spectra from particle-bombarded solids at elevated temperatures ha. c 
been investigated frequently for the alkali-halide systems. The spectra of the 
terials are usually quite well described by a Maxwell-Boltzmann distribution that 
is characterized by a temperature that corresponds to the actual macroscopic tem
perature of the target (Overeijnder et at. (1978), Szymonski (1980), Szymonski et 
al. (19°0)). In one particular case, a macroscopic target temperature close to the 
actual one was determined from the Maxwell-Boltzmann energy distribution for 
one of the emitted species, F2, during electron sputtering of sulphur hexafluoride 
by Pedrys et al. (1984). A later study on solid methane irradiated with light ions 
by Pedrys et al. (1986) showed that the spectra could be explained by Maxwell-
Boltzmann distributions with a characteristic temperature ranging from the actual 
one of 20 K for emitted hydrogen molecules up to 200 K for the emitted methane 
molecules. It was shown as well that the processes were initiated by single impact 
rather than by macroscopic beam heating. 

Unfortunately, there are no energy spectra available yet from condensed gases 
during conditions for which the dominant process is beam-induced evaporation. 
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3.2 Knockon Sputtering 
As mentioned previously, knockon sputtering is well-known from ion-bombarded 
metals. It may be described as a sequence of events in tich target particles are 
set in motion, from the first collision between the primary and a target atom up 
to eventual particle ejection resulting from collisions between slow particles. The 
volatility of the material plays a role only in the last stage o" 'he cascade, when the 
kinetic energy of the moving atoms becomes comparable to the b.nding energy of 
the target particles. The main features of knockon sputtering at sufficiently small 
energy densities are welt predicted by Sigmund's linear collision-cascade theory 
(1969, 1981). 

The backsputtering yield Y from a plane surface is given by 

Y = AFD{E,$,0) (2) 

where FD(E,0,X) is the spatial distribution of energy deposited into atomic col
lisions by the primary of initial energy E and angle of incidence 0 . The constant 
A = Z/{iir7NC0Uo) depends only on the properties of the target material, the 
sublimation energy U, and the atomic density N(C0 = 1.18 Å2). The surface 
value of the deposited energy (x = 0) is often expressed by the nuclear stopping 
po^er NS„(E) for the primary and by a dimensionless parameter o: 

FD(E,0,O) = QNSn(E) (3) 

a is a function of the mass ratio of the becm and target atom mass, of the angle 
of incidence, and a slowly varying function of the energy. The energy distribu
tion of the sputtered particles, which explicitly enters into the evaluation of A, is 
determined by 

dY/dE1 = k. £ , / ( £ , + U0? (4) 

where k, is a constant (see Sigmund (1981)) and E\ is the energy of the emitted 
particle. For large values of the energy E\ the distribution exhibits the well-known 
Ef -tail and for small energies a maximum at E\ — U0/2. 

The results for the yields agree satisfactorily with Equation (2) as long as the 
(collisional) excitation density is small or the sublimation energy lan.e. The best 
agreement for the materials considered in the present work is found for medium-
mass ions incident on solid krypton and xenon (Stevanovic et al. (1984), Boring et 
al. (1987) and Brown and Johnson (1986)). For water ice Christiansen et al. (1986) 
and Bar-Nun et al. (1985) have reported an acceptable agreement between their 
results and Equation (2) as well, even though ice of ordinary and heavy water have 
to be regarded as complicated samples because of the temperature dependence of 
the yield of the different ejected species (Reimann et al. (1984a), Chrisey et al. 
(1986) and Ber.it et al. (1987)). 

The data for the characteristic £ f 3-behaviour of the spe^'rum during ion bom
bardment of the solid rare gases as well as of other condensed gases have been 
collected by Schou (1987). The behaviour does not necessarily mean that sput
tering from 'inear collision-cascades is the dominant mechanism. However, such a 
mechanism is at least responsible for the particle ejection at an early stage of the 
sputtering process. 

Usually, the maximum of the energy distribution is not at the expected value of 
U0/2, but substantially below this value. This is a consequence of the low binding 
energy in the solids, which leads to a high recoil density. The nonlinear behaviour of 
the collision cascades enhances the number of ejected low-energy target particles. 
However, for low-energy ion bombardment of solid xenon Pedrys (1990) showed 
that the linear collision-cascade is the dominant feature, and that the maximum 
actually lies at one-half of the sublimation energy of xenon. 
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The main limitation of linear collision-cascade theory for the condensed gases 
is the relatively low threshold for nonlinear effects. At sufficiently high collisional 
excitation densities the recoils strike other target atoms that already have been 
set in motion. For this spike regime the existing models or their extensions for 
condensed gases predict a sputtering yield that is proportional to the nuclear stop
ping to the second or even higher powers (Sigmund and Claussen (I981), Claussen 
(1982a,1982b), Sigmund and Szymonski (1984), David et al. (1986), Urbassek and 
Michl (1987), and Balaji et al. (1990)). 

A common result for these treatments and for that of Szymonski and Poradzisz 
(1982) as well is that the maximum in the energy distribution of the emitted 
particles is shifted to a lower value than that expected from linear collision-cascade 
theory. This is a feature that has been observed in almost all knockon sputtering 
experiments for condensed gases. It means that an elastic collision spike develops in 
the solid during the late stage of the sputtering process. The yield from an elastic 
collision spike may exceed the linear collision-cascade yield by more than one 
order of magnitude. Nevertheless, particles in the high-energy tail from the linear 
collision-cascades during the early stage of the sputtering process are observed 
clearly, since the high-energy part of the spectrum from elastic collision spikes 
falls off very steeply with energy. 

An intermediate case between linear collision-cascades and elastic collision spikes 
occurs for nonoverlapping spherical elastic collision subspikes (Ellegaard et al. 
(1990)). The existing spike models and their extensions are based on the idea that 
many collisions between the primary and target atoms contribute to one common 
spike. In contrast, the subspikes created by the individual recoils do not interact. 
This mechanism may lead to a large yield, but the energy dependence shows al
most the same trend as the nuclear stopping power; this contrasts with the strong 
nonlinearity predicted by the models mentioned previously. The predicted yield is 
comparatively sensitive to the binding energy of the target particles, and the yield 
exceeds the linear collision-cascade yield only for the most volatile materials, as 
for example, solid neon. For the less volatile solids as condensed argon and xenon 
the yield induced from nonoverlapping subspikes is comparable with that from 
linear collision-cascades (Ellegaard et al. (1990, 1991)). 

3.3 Electronic Sputtering 
Electronic sputtering is known from other materials than condensed gases (Schou 
(1989), Townsend (1983) and Itoh (1987)). The picture that emerges for the mo
ment indicates clearly that there is no universal mechanism for electronic sput
tering of insulating materials ( Schou (1987, 1989)). Nevertheless, there are some 
common features for the sputtering of condensed gases, in particular for the solids 
within one of the groups in Figure 4. 

From the mode! f Ellegaard et al. (1986) the electronic sputtering yiald from 
a material without mobile electro, ic excitations is determined in analogy with 
Equation (2) : 

Y = Ai{E,/W)D.(E,»,Q) (5) 

E, is the nonradiative energy release from electronic deexcitation per electron-hole 
pair, and W the energy required for one eLaron-hole pair. Dt(E,$,Q) is the sur
face value (z = 0) of the distribution De(E,8,z) nf electronically deputed energy 
for a primary particle of energy E and angle of incidence 9 (Schou (1980,1988)). 

Let us now consider how the sputtering takes place. As a result of the slowing-
down of the primary particle atoms or molecules are excited or ionized. When all 
these excitations deexcite, for example by dissociative recombination, the liberated 
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energy E, may be so large compared with the binding enei > that the repulsing 
atoms may initiate a low-energy cascade. Since these nonradiative transitions lead 
to a completely isotropic distribution of the initiating atomic pairs in contrast to 
the knockon case, one arrives at the factor 0.5 in Equation (5). 

According to Equation (5) each material is characterized by a certain ratio 
E,fW. While the energy W does not vary much from one material to another 
within a single group (Figure 4), the source energy E, may vary considerably. The 
recent study by Pedrys et at. (1989) has shown that E, may not emerge from one 
nonradiative transition alone, but that it may be regarded as a weighted sum of 
widely different contributions. 

Ellegaard et al. (1986a) and Schou (1987) demonstrated that the yield is pre
dicted in a satisfactory way for solid nitrogen and oxygen bombarded by keV elec
trons as well as MeV protons. This agreement is somewhat surprising since the 
target particles are ejected as molecules, but they are treated as atomic species, 
so that the well-known Born-Mayer cross section used in sputtering theory (Sig
mund (1981)) could be applied. In a similar derivation Johnson and Brown (1982) 
have chosen to apply a molecular cross section. Although these authors describe 
the emission of nitrogen molecules rather than atoms, it involves an unknown 
molecular cross section at very low energies. 

For mobile excitations the formula (5) was modified by Ellegaard et al. (1989) 
to 

Y = A \ E, E(0) (6) 

Here E(Q) is the surface value of the density E(x) of decaying nonradiative 
transitions at depth x with energy release E, distributed equally on two repuls
ing particles. An additional assumption is that the surface acts as a reflecting 
boundary for the excitations except for solid neon. 

The energy distribution, Equation (4), that explicitly enters into the evaluation 
of A, has been observed in a number of cases for which the energy deposition 
obviously is electronic. The low energy part of the distribution from electrons 
bombarding solid argon observed by Pedrys et al.(1989) agrees well with Equation 
(4) with a binding energy of 0.75 U„. This bind'ig of 60 meV is much less than 
the energy 0.55 eV which is imparted to each of the atoms initiating the cascades. 

The characteristic £j"2-tail for large ejection energies has been observed for 
electron bombardment of solid nitrogen (Pedrys et al. (1989)) and oxygen (Pedrys 
(1991)) as well as for light keV ion bombardment of the same solids (Ellegaard 
et al. (unpubl.)). For the solid rare gases this behaviour was observed by Pedrys 
et al. (1985) for solid krypton bombarded by 6-keV He-ions. A similar trend was 
observed for ejected heavy water molecules from heavy water ice during 1.5-MeV 
He-ion bombardment by Boring et al. (1983). 

Recent computer calculations by Garrison and Johnson (1984) and by Cui et al. 
(1988,1989a) hav? corroborated the use of low-energy collision-cascades in volatile 
condensed gases. The recoil spectrum agrees satisfactorily with that from binary 
cascades, and also the energy spectrum of the sputtered particles is quite well 
represented by the shape given by Equation (4). The development of a linear low-
energy collision-cascade seems possible for low primary energies, even down to an 
initiating energy of about five times the sublimation energy. In fact, the general 
agreement between the theoretical ideas for these condensed gases and the com
puter calculations is very encouraging. However, there are ome minor discrepan
cies, for example, between the angular distribution of the emitted atoms calculated 
from the computer codes and that predicted from linear collision-cascade theory 
(Garrison and Johnson (1984)). 

The treatment for low-energy collision-cascades applies to cases for which the 
energy deposition by the primary particles is relatively small. For high eletronic 
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excitation densities nonlinear effects occur, predominantly because of the non-
negligible interaction that takes place between two subsequent excitations. These 
nonlinear effects may appear from the interaction between subsequent electronic 
excitations before the energy release or from the interaction between two neighbor 
cascades after the energy release (Sigmund (1987)). This nonlinear regime is char
acterized by a yield that is proportional to the electronic stopping power to the 
second or even higher powers. A squared dependence of the yit'd on the electronic 
stopping power has been reported by Brown et al. (1986), Brcwn and Johnson 
(1986) and Gibbs et al. (1989) for solid nitrogen and oxygen. 

For primary particle bombardment of volatile solids at high excitation densities 
one may reach the electronic spike regime. If the binding energy to the lattice site 
is sufficiently small, the number of atoms set in motion from each energy release 
process will be so large that a spike volume containing several points of energy 
release will be generated. The energy spectrum from such a spike may show the 
characteristic features known from the elastic spikes, e.g. a shift of the maximum 
towards lower energies. 

For chemical compounds as water ice and carbon monoxide this quadratic be
haviour occurs not only in the high-density regime (Brown et al. (1980) and John
son and Brown (1983)), but has also recently turned out to be dominant for low 
excitation densities in solid carbon monoxide (Chrisey et al. (1990)). This be
haviour indicates that excitations of a different type cooperate in the electronic 
release processes in these solids. 

For the solid hydrogens the e.ergy release per electronic deexcitation is so large 
compared with the sublimation energy that one may expect the development of 
subspikes (Stenum et al. (unpubl.)). The energy release may be even more than 
500 times the sublimation energy, but since the deexcitation from molecular ions 
starts with a dissociative recombination, the subspikes may be separated in time 
as well as space. This leads to electronic subspikes that do not overlap, in anal
ogy with the nonoverlapping elastic subspikes described by Ellegaard et al. (1990). 
However, the energy release from dissociative recombinations is so small that these 
deexcitations are relatively unimportant. In contrast, the energy production from 
direct excitations below the ionization threshold is so large, that the yield from 
subspike generation becomes considerable. This may happen for keV electron in
cidence, since these excitations are so far from each other that the subspikes do 
not overlap. 

3.4 Similarities and Differences Between Elec
tronic Sputtering and Desorption 

One may argue that electronic sputtering is not the most appropriate term for 
cases in which the liberal' i energy is comparable to the binding energy of the tar
get particles. One may juat as well characterize this as desorption from multilayers. 
A typical example is the ejection of xenon atoms from solid xenon during light 
ion or electron bombardment reported by Pedrys et al. (1988) or O'Shaugnessy 
et al. (1988). In the energy distribution there is a dominant peak corresponding 
to ground state repulsion for the xenon atoms, whereas the contribution from 
low-energy cascades is small. For solid argon an overwhelming fraction of the par
ticles are ejected at energies much below the ground state repulsion. Obviously, 
a straightforward criterion for electronic spattering might be the generation of 
low-energy cascades. 

There are even similarities between the erosion of monolayers in desorption 
studies and electronic sputtering of multilayers (Schou et al. (1988)). In both cases 
the transfer of energy from electronic excitations may occur by neutralization of 
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an ionized atom. The desorption of neutrals may be described by Antoniewicz's 
model (Menzel (1990), Steinacker and Feulner (1989)). An atom from the mono
layer moves against the metal after ionization because of the image potential. 
Eventually, it becomes neutralized, falls onto the repulsive branch of the ground 
state curve, and will be reflected with a kinetic energy from the image potential 
attraction and the ground state repulsion. 

However, in the present work the concept of electronic sputtering rather than 
desorption has been utilized. Even though desorption is used frequently in lumi
nescence studies for multilayers as well, it is occasionally applied only for surface 
processes that lead to direct particle ejection. 

4 Erosion of Thin Films 

A common behaviour for the most volatile gases is the strong enhancement of 
the yield for thin films deposited on conductive substrates. Stenum et al. (1990) 
and Ellegaard et al. (1986b) showed that the yield for thin films may exceed that 
for thick films by more than a factor of five. A:, example of this behaviour is 
shown in Figure 5 for 8-keV H*-ions incident on solid hydrogen. In general, the 
enhancement is characterized by the following features: 

i) the effect is most pronounced for the most volatile gases, 

ii) the enhancement occurs for electron as well as ion bombardment, and 

iii) the choice of conductive substrate does not seem to play any role. 

The effect is a clear thin-film effect since the energy of the primary particle 
largely is deposited in the substrate. The enhancement is clearly correlated to 
electronic energy deposition and has not yet been observed in a convincing manner 
for combinations of beam particles and film material, for which the erosion process 
largely is knockon sputtering. Stenum et al. (1990) pointed out that the yield-
enhancement did not depend on the current density for values from 0.05 to 0.5 
ft A/cm7. This observation means that the enhancement is not caused by beam-
induced evaporation. On the other hand, Schou et al. (1986) estimated that the 
electrons backscattered from the silver substrate at most would increase the yield 
by a factor of two from electron-bombarded solid neon. For primary ions the 
increase for thin argon films on silver has been estimated to about 15 per cent 
(Schou et al. (1987)). Nevertheless, the contribution from backscattered primaries 
is easily distinguishable from the thin-film enhancement because of the linear 
dependence on the film thickness. This contribution appears in the most distinct 
manner for condensed gases without any intrinsic thickness dependence and has 
been observed for electron sputtering of solid oxygen by Ellegaard et al. (1986a) 
and for light ion sputtering of solid nitrogen by Ellegaard (1986) and Ellegaard et 
al. (unpubl.). 

For the most volatile gases, the solid hydrogens, the yield decreases with thick
ness up to a value that corresponds approximately to twice the range for electrons 
(Børgesen et al. (unpubl.), Ellegaard (1986)). For primary ions incident on solid 
deuterium and hydrogen the yield increases up to film thicknesses that are slightly 
smaller than or comparable to the ion range (Stenum et al. (1990, unpubl.)). The 
enhancement effect for solid deuterium contributes to the yield even for thicknesses 
above 10" D2/cm2 for ions or electrons. A similar observation was made for He4 

-ions incident on solid deuterium as well (Stenum et al. (unpubl.)). For solid neon 
the effect extends up to thicknesses of about 5-7 • 1016 Ne-atoms/cm2 for 2-keV 
electrons (Schou et al. (1986)) as well as for ions (Ellegaard et al. (1986b)). A 

Risø-R-591(EN) 17 



2000 

1500 - o 

X* 1000 

§ 

500 

- i 1 1 r 

8 keV H i — - H : 

o 

% 

* 

INITIAL THICKNESS I1018 H2 /cm2] 

Figure 5. The yield per atom as a function of film thickness for 8 keV Hj-ions 
incident on solid hydrogen. The dashed line indicates the bulk yield (From Stenum 
et al. (unpubl.J). 

slight enhancement may have been observed for the less volatile solid argon up to 
a thickness of 2 • 1016 Ar/cm2 (Schou et al. (1988)). 

The yield enhancement has been observed by Erents and McCracken (1973,1975) 
for hydrogen, deuterium, argon, nitrogen and carbon monoxide, all solids, bom
barded by keV electrons or hydrogen ions. The effect has been found only by these 
two groups, since their were no other groups studying erosion of the solid hydro
gens or neon with these projectiles. For other materials the effect is so weak that 
a systematic study is difficult. 

The results obtained at Risø have demonstrated that the enhancement takes 
place on gold, silver and carbon substrates (Børgesen and Sørensen (1982), Børge
sen (1982), Schou et al. (1984)), whereas Erents and McCracken (1973,1975) uti
lized a copper substrate. The effect shows the same trend for all these substrates, 
but the absolute magnitude of the yield varies considerably from one to another 
(Børgesen et al. (unpubl.)). Recent measurements of the yield for thin films indi
cate that the enhancement depends on the purity of the substrate, and that it is 
less pronounced for slightly contaminated substrates. 

During much of the present work the thin-film enhancement was regarded as a 
surface effect. However, the thicknesses for solid neon and deuterium to which the 
effect contributes correspond to more than 50 and 300 monolayers, respectively 
(Schou et al. (1986) and Stenum et al. (1990)). Then, it is hardly possible to 
classify the enhancement as a surface effect. In addition, it was demonstrated by 
Stenum et al. (1990) that the range of the effect is unambigously correlated to the 
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particle range. This means that the enhancement is a clear beam-induced feature 
rather than structural interface effect 

Even though a number of trends that characterize the thin-film enhancement 
have been explored, one arrives at the conclusion that the nature of the effect is 
far from being understood for the moment. 

5 Sputtering of Solid Neon 

Solid neon is the most volatile material among those which can be sputtered at 
liquid-helium temperature. Since reliable measurements require an efficient cryo
genic setup, systematic measurements were conducted at relatively few locations, 
Marseille, Hamburg, Risø and Austin (Coletti and Debevcr (1983), Coletti et al. 
(1984), Kloiber et al. (1988), Kloiber and Zimmerer (1989,1990), Schou et al. 
(1986), Ellegaard et al. (1986b), Ellegaard et al. (1990) and Balaji et al. (1990)). 
In addition to these results, Coletti et al. (1985). Coletti et al. (1987), Fugoi' et 
al. (1988), Hourmatallah et al. (1988) and Laasch et al. (i990) have reported on 
desorption of excited neutrals in connection with luminescence measurements. 

The weak binding energy of the neon atoms in the lattice means that knockon 
sputtering leads to the generation of subspikes or general spikes of different 
geometric shape except for primary ions of very low energy. For ions in the eV 
range one might expect a dominant contribution from linear collision-cascades. 
For He-ion energies above 6 keV Ellegaard et al. (1990,1991) pointed out that the 
energy dependence of the yield could be explained on the basis of nonoverlapping 
subspikes. At these energies, the mean free distance between two subsequent col
lisions that initiate subspikes is so large that the subspikes do not overlap. The 
model combines two contradicting features: i) the large yield that is indicative of a 
spike behaviour, and ii) the energy dependence that resembles that of the nuclear 
stopping power. The energy dependence evaluated from a subspike model is partly 
determined by the geometry of the subspikes. The present choice of center for a 
spherical elastic subspike at the mean damage depth is in complete agreement 
with the basic model by Claussen (1982a,1982b), and leads to an energy depen
dence that agrees fairly well with the experimental one for 4He+-ions as well as 
for 3He+-k>ns. 

Sputtering of solid neon by electrons is a typical example of electronic sput
tering. The thickness dependence of the sputtering yield shows that solid neon 
behaves in a similar way as the other condensed gases except for the pronounced 
thin-film enhancement (Schou (I987)). The energy dependence of the yield for 
thick films (Figure 6) and the thickness dependence indicate that the excitations 
which contribute to the sputtering are able to migrate over a distance comparable 
to the range of an electron with an energy between 1.2 and 1.5 keV in solid neon 
(Schou et al. (1986)). For energies higher than that, the yield decreases with en
ergy. The mean penetration depth of an electron with an energy in this interval 
is slightly above 1 • 1017 Ne-atoms/cm2 (Valkealahti et al. (1989)). Actually, this 
thickness corresponds to the characteristic diffusion length of 230 Å found from 
the diffusion model based on the treatment in Schou et al. (1986). 

The existing results show evidence for sputtering via exciton production. 
Photon-stimulated desorption takes place if solid neon (and the other rare gases) 
are irradiated by VUV-light at the exciton levels (Kloiber and Zimmerer (1989, 
1990)). About one tenth of the ejected particles are excited neutrals which have 
been detected in separate experiments by other methods (Kloiber et al. (1988), 
Kloiber and Zimmerer (1989,1990)). Coletti showed by mass spectroscopy studies 
(Kloiber and Zimmerer (1989) and together with Debever by luminescence studies 

Ris»-R-591(EN) 19 



40 

I 30 
1 

• 20 z 

9 
UJ 

10 

-1 r 

8 » 

(— Nej v Ouartz crystal 

o Au-substrate 

J • l 
0 1 2 3 

ELECTRON ENERGY (keV) 

Figure 6. Sputtering yield of solid neon ijr keV electrons for 4-5 x IP7 (Ne/cm7) 
thick film. Data from Scko* et al. (1986). 

(Coletti and Debever (1983)) that the particle ejection takes place for electron 
bombardment with energies below the band gap as well. 

Sputtering of solid neon by both keV electron J and charged particles with com
parable velocities is essentially described by a three-step process: i) production 
of electron-ion pairs and excitations, ii) migration of some of the excited species 
to the surface, and iii) a nonradiative transition so close to the surface that either 
the repulsing species are ejected directly or a low-energy cascade initiated in the 
surface layers leads to particle ejection. 

In the treatment by Schou et al. (1986) the type of mobile excitations was not 
specified. Reimann et al. (1984b) suggested that it was either charge exchange 
by atomic ions or highly excited excitons for solid argon, but the arguments are 
reasonable for solid neon as well. From luminescence studies it is known that Ihe 
tre-, excitons are mobile (Zimmerer (1985), Fugol'(1988)), whereas the molecular 
excitons NeJ may be regarded as almost immobile. The reason is that the equilib
rium position of the atoms in this metastable molecule is too far away from the 
neighbor atoms so that particle exchange becomes fairly unlikely. For solid neon 
the molecular exciton has not been observed in the vibrational ground state, and 
the luminescence observed indicates a maximum in the population for v — 7 at 
the surface or v = 4 in the bulk (Coletti et al. (1985)). The molecular ion Ne£ 
may be regarded as immobile at the present temperatures for the same reason 
(Schou et al. (1986)). 

Even though the dominant carrier of the excitation, an atomic hole or a 
highly excited exciton, has not been identified, the results from Kloiber et al. 
(1988) and Kloiber and Zimmerer (1989) clearly demonstrate that the prod action 
of electron-hole pairs are important for photon-induced sputtering. However, the 
yield induced by direct excitation of the n,n' = 1 - excitons leads to a yield that 
is almost as large as that from photons just above the energy gap. Thus, these 
experiments do not provide us with a clear answer about the type of the mobile 
excitations. 
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the eqnihbr:"m distance m the ground state. 

The characteristic diffusion length of the excitation was evaluated by Schou et 
al. (1986) to be about 230 Å. This number agrees well with that from Hourmatallah 
et al. (1988) who obtained 250 Å for mobile excitations induced by 24-eV electrons 
incident on solid neon of a temperature of T = 8 K. Their model is based on a 
number of different assumptions, and the authors claim that the excitation is a 
free exciton. Recently, Laasch et al. (1990) have estimated the diffusion length 
of the n = 1 - exciton to be of the order of 100 Å and that of the n = 2 -
exciton somewhat larger. All these estimates of the diffusion length are much 
smaller than the value obtained by Pudewill et al. (1976) with exciton-enhanced 
impurity photoemission. This value was determined from a model with a number 
of questionable parameters. In addition, it is in striking contrast to the prediction 
by Fugol' (1988) that the diffusion length increases with the atomic number. A 
value of about 200 Å for neon fits satisfactorily into this pattern (Schou (1987)). 

The processes for the energy release shown in Figure 7 are the dominant ones. 
The dissociative recombination 

Net + 1 - - NeY - Ne + Ne' (3p) (7) 

leads to the emission of a ground state and an excited atom if the recombination 
takes place close to the surface. A weak maximum at 1.1 eV of the 3p-atoms 
may be ascribed to this mechanism (Kloiber and Zimmerer (1990)). It means that 
an average energy of 2.2 eV is liberated from process (7). Since about 1.1 eV is 
released by from a dissociative recombination in which the molecular ion is in 
a vibrational ground state, the recombination has to take place from a highly 
vibrational state, excited extra 1.1 eV above the vibrational ground state. 

The radiative transition to the repulsive ground state 

Ne\ - tfe + Nc + hu (8) 

terminates at an energy above the asymptotic value so that the ground state 
repulsion releases energy. The energy spectrum of the ejected particles has not 
yet been observed for solid neon. However, since the ground state repulsion or the 
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subsequent low-energy cascades have been observed for solid xenon, krypton and 
argon (Pedrys et al. (1988) and OShaughnessy et al. (1%$)), it seems evident that 
this conversion process is important for solid neon as well. The liberated energy 
by this process is considerably less than the value E, = 3.7 eV given by Schou et 
al. (1986). This value was estimated on the basis of gas data. However, Reimann 
et al- (1988) pointed out that because of the negative electron affinity one may 
expect a deeper well for the atoms of the metastable molecule in the solid than in 
the gas phase. For the solid state case one may estimate a value at most about 1 

/ from Fugol' (1978), but the computations from Cohen and Schneider (1974) on 
gas phase molecules favour a low kinetic energy release. The transition from the 
vibrational^ excited levels to the ground state indicated by Coletti et al. (1985) 
leads to a distribution of kinetic energy with a most probable value of about 200 
meV and with a tail extending towards higher energies. Although 200 meV is 
much smaller than the value in Schou et al. (1986) of 3-7 eV, it is nevertheless one 
order of magnitude larger than the sublimation energy. The value of the ground 
state repulsion does not enter directly into the analysis of the dynamics of the 
mobile excitations. The result that each electron-ion pair on average leads to the 
ejection of 9 neon atoms is still valid (Schou et al. (1986)). 

The boundary conditions introduced by Schou et al. (1986) were opposite to 
most of the treatments for solid argon, krypton and xenon. For these solids a model 
with a surface that acts as a reflecting boundary for the mobile excitations was 
applied (Ackermann et al. (1976), Reimann et al. (1984b)). For neon the surface 
was treated as an absorbing boundary, since the alternative of a reflecting surface 
would lead to a sputtering yield one order of magnitude too little (Schou et al. 
(1986)). This peculiarity of solid neon has been comfirmed by Hourmatallah et 
al. (1988), who found a large absorption rate of the excitations at the surface for 
neon as well. Their results for solid argon at this temperature indicated a highly 
reflective surface in agreement with other results for uncontaminated samples. 

The recent results from luminescence measurements have demonstrated the rich 
structure of desorped neutrals. Coletti et al. (1984) pointed out that an atomic 
excitation may be trapped in a cavity as a result of the negative electron affinity. 
The total energy of this selftrapped atomic exciton may be minimized by the 
particle ejection. Coletti et al. (1985), Hourmatallah et al. (1988) and Laasch et 
al. (1990) have pointed out that the site at the surface or in the bulk induces 
a shift of energy of the excited atom relative to the free atom. The distribution 
of kinetic energy of emitted 3Pj and 3P0 atoms was measured by Kloiber and 
Zimmerer (1990). The most probable value of the energy of these atoms ranged 
from 0.16 eV up to 0.25 eV dependent on the excitation energy. The kinetic energy 
of these atoms is much less than the energy from the dissociative recombination. 
Unfortunately, no measurements of the distribution of the ground state neutrals 
are available for the moment. 

A particular interesting case is sputtering of neon by hydrogen ions. Elec
tronic sputtering is the dominant type of sputtering, and in fact, it was demon
strated by Ellegaard et al. (1986b) that the yield is proportional to the quantity 
S?(£). Here, Andersen and Zigler's stopping power tables (1977) were used, and 
the best agreement between the experimental curve and S"(E) was found for n 
= 0.9. In contrast to the electron results no thickness dependence was observed 
for solid neon during hydrogen ion bombardment. A possible explanation for this 
behaviour is that the ionization cross section for neon is very low at these proton 
energies, and that almost all excitations are below the ionization threshold. Ap
parently these excitations are relatively immobile compared with the atomic ions. 
In addition to the electronic sputtering, there is a considerable contribution from 
nonoverlapping subspikes. The yield from this mechanism is about 20 Ne/H+ for 
almost the entire energy range under consideration (Ellegaard et al. (1991)). 
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6 Sputtering of Solid Argon and 
Krypton 

Solid argon and krypton are the most extensively studied condensed gases. In 
particular, argon has become the standard material among the solidified gases. 
Electronic sputtering of solid argon by charged particles has been investigated by 
Reimann et al. (1984b. 1988,1990,1991) at A k T Bell, Besenbacher et al. (1981) 
in Århus, 0*Shaughnessy et al. (1988) in Charlottesville. Schou et al. (1987,19SS) 
ami Ellegaard et al. (1988) at Rise, Pedrys et al. (1988) at FOM, Amsterdam, Co-
letti and Debever (1983) and Coletti et al. (1984) in Marseille, Balaji et al. (1990) 
in Austin, Arakawa et al. (1989) in Tokyo and Lee ler c et al. (1990) in Sherbrooke. 
Photon sputtering of neutrals from solid argon has been studied systematically 
by Feulner et al. (1987) and Menzel (1990) in Munich, Kloiber and Zimmerer 
(1989,1920) in Hamburg, and Arakawa and Sakurai (1990) in Tokyo. 

The «jjergy dependence of the electronic sputtering yield has been inves
tigated at the present setup for primary electrons, hydrogen and helium ions in 
the keV-range. Only for helium ions is there a significant contribution of knockon 
sputtering to the total yield (see below). The electron-induced yield shows a max
imum at 1.5 keV. This demonstrates that the electrons deposit their energy at 
a distance that is comparable to the characteristic diffusion length of the mobile 
excitations for 1.5 keV. The distribution of deposited energy shows a maximum at 
0.5 • 1017 Ar/cm7 (190 Å) in agreement with values of the diffusion length from 
the literature (Ellegaard et al. (1988)). For the hydrogen ions the electronic sput
tering yield turned out to be proportional to the electronic stopping power (Figure 
8) (Schou et al. (1988)). The range of the iens tabulated by Andersen and Ziegler 
(1977) is much larger than the diffusion length except for the lowest energies. An 
extrapolation of the present electronic sputtering yield from these low stopping 
power values up to values for He-ions that correspond to the energies from Be
senbacher et al. (198!) shows a fair agreement with their data. Yields obtained 
for energies at the high-energy side of the stopping power by Besenbacher et al. 
(1981) and Reimann et al. (1988) are about 0.6 less for the same stopping power 
than those at the low-energy side (Schou (1989)). 

The characteristic diffusion length of the mobile excitations in solid argon has 
been determin«! for hydrogen ion and electron bombardment. For incident hydro
gen dimers and trimers of 3 keV/atom Schou et al. (1987) estimated a diffusion 
length of 190 Å on the basis of a diffusion model that implies that the surface 
is highly reflecting for the excitations (Ellegaard et al. (1988), Reimann et al. 
(1988)). Furthermore, a constant stopping power for the primaries was assumed. 
Ellegaard et al. (1988) found that the diffusion model for 3-keV electrons gave a 
length of 200 Å from the thickness dependence of the sputtering yield, provided 
that a realistic energy-deposition profile was applied. The energy dependence in
dicated a length of 300 Å, but the model is relatively sensitive to variations in the 
source energy E,. If the liberated energy were increased by 10 per cent the diffu
sion length would rather be about 200 Å, which is the value from the literature fjr 
solid argon irradiated by light ions. Reimann et al. (1988) obtained a value of 230 
Å for MeV hydrogen and helium ions, and their analysis led to a somewhat larger 
value of about 270 Å (Reimann et al. (1984b)) for the data of Besenbacher et al. 
(1981). These data all show a diffusion length much larger than those obtained by 
photoluminesence yield spectroscopy or exciton-enhanced impurity photo-mission 
with a value ranging from 50 to 120 Å (Zimmerer (1987)). The recent data for the 
electron-induced luminescence yield at considerably higher temperatures show a 
higher diffusion length (Hourmatallah et al. (1988)), but the trend agrees with the 
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data for ion or keV-electron incidence. 
AU data for partkle-bombarded solid argon have been obtained by freezing a 

gas on a substrate kept at 12 K or below, except for the results of Hourmatallah 
et al. (1988). The results from Risø, AT ic T Bell and Århus agree very well with 
each other (Schou (1987)). This is a clear statement about the unimportance of 
the type of the primary particle. In this context the dominant property is the 
depth profile of the electronic excitations. 

For argon as well as for neon the existing results demonstrate that sputtering 
may take place via exciton production. For solid argon Feulner et al. (1987) 
and Kbiber and Zimmerer (1989, 1990) showed that selective photon irradiation 
at the surfece and bulk exciton levels induces a considerable desorption. A strong 
enhancement of the yield was observed by Kloiber and Zimmerer (1989) for exci
tation energies above the energy gap. 

The dominant mobile carrier of the excitation has not been identified yet. 
Reimann et al. (1988) suggest that it is an atomic hole, whereas Hourmattalah et 
al. (1988) consider the excitation to be a free exciton. 

The energy release processes are quite similar to those for neon. The energy 
is liberated either from dissociative recombination or by a ground state repulsion. 
In addition, atoms or molecules may be ejected directly as a result of cavity forma
tion around excited surface species. The dissociative recombination liberates about 
1 eV (Reimann et al. (1988)) and the ground state repulsion 1.1 eV (Reimann et 
al. (1988), Ellegaard et al. (1988) and Schou et al. (1988)). The latter process has 
been identified in the energy distribution of neutral argon atoms by O'Shaugnessy 
et al. (1988) and Menzel (1990). The former authors found thi peak at 0.54 eV 
for He-ion incidence and at 0.46 for electron incidence, and th* latter author a 
peak around 0.49 for electron incidence. These data are corroborated by estimates 
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from the gas-phase interatomic potential (Pedrys et al. (196$). 0"Shaugnessy et al. 
119«)). The measurements by Arakawa et al. (1969) show that the energy dbtri-
bvtion of the metastable neutrals peaks around 0.6 eV. This means that the mutt 
probable energy release from dissociative recombination is about 12 eV. Then, 
the total value of the energy liberated from these two processes is ^bout 2.3 eV. 
which is considerably less than the valne E, = 2.7 eV suggested by Ellegaard et 
al (19*6) and larger than the value of 2.0 eV indicated by Reimann et al. (19**) 
AD spectra show a pronounced low-energy peak that represents the sputtered par
ticles from low-energy cascades (Pedrys et ^. (196ft). O'Shaugucssy et al (I96S) 
and Menzel (1990)). For sohd argon as well as sohd neon the binding energy is so 
small that these nonradiative deexcitation piotcsses initiate low-energy cascades. 

In almost all cases the boundary conditions far the mobile excitations in 
sofid argon have been a highly reflective surface combined with an absorbing 
(metallic) substrate (Schou et al (1967). Elkgaard et al. (1966). Reimann et al 
(1964b,1966)). Only for high-temperature argon samples that were excited by 
low-eneigy electrons, have HourmataOah et al. (I96S) found a highly absorbing 
surface. 

Since solid argon has been comparatively comprehensively investigated, a num
ber of processes have been identified. It has been established that photon or elec
tron bombardment produces secondary ions (Arakawa et al. (1969). Rocker et al. 
(1990), Dujardin et al. (1990). HeUner et al. (1990). hfcuzel (1990)). even though 
the yidd is orders of magnitude smaller than that of neutrals. The metastablr 
neutrals Ar* 3P0 and 3Pj were detected by Arafcawa et al. (1969). Arakawa and 
Sakurai (1990) and Kloiber and Zimmerer (1990). These authors found a local 
maximum at around 0.04 in the energy distribution- The metastabie neutrals 
originate from cavity formation around the exciton according to the idea by Co-
let« et al. (19*4) and further corroborated from calculations by Cui et al. (1969b) 
and Reimann et al. (1990). A comprehensive study on the possible sites of the 
atoms prior to ejection was performed by Hourmatattah et al. (1966) and Cotetii 
et al. (1967). The excited moiecular exciton that deexciles by the emission from 
the W-band has been observed in front of the target material by Reimann et 
al. (1968,1990.1991). The kinetic energy of these dimers is of the order of 1 eV. 
and the analysis carried out by Reimann et al. (1991) shows that the dimers are 
dominantly relaxed vibrational!)-. These dimers art probably produced by recom
bination between an excited argon atom, which itself originates from a dissociative 
recombination, and a ground state atom close to the surface. 

In most of the present work on solid argon the dominant ejection mechanism b 
electronic sputtering. However, for He*-ions from 2 to 10 keV knockon sputtering 
turned out to give a significant contribution. Schou et al. (1988) found that the 
electronically induced yield was 0.3 and 045 of the total yield for 7 keV 4!Ie+-
and 'He*-ion incidence, respectively. Other estimates of the relative contributions 
from the two types of sputtering are based on assumptions that involve theoret
ical calculations, e.g. Stevanovk et al. (1984) cr Chrisey et al. (1986). Since the 
knockon yield for 7 keV He-ion incidence is about four times larger than the pre
dicted value from linear collision-cascade theory, other mechanisms may account 
for a major part of the yield. The contribution from nonoverlapping subspikes 
accounts for about 0.40 of the total knockon yieSd for both light ions, and finally 
one may expect a significant contribution from ordinary light ion sputtering (Sig
mund (1981), Schou (1989)). However, even for hydrogen ions incident on solid 
nitrogen that has a similar sublimation energy, the increase in yield induced by 
this mechanism from a "nitrogen substrate" to a silver substrate did not exceed 
a factor of 1.4. 

Sputtering of solid krypton hat been studied less comprehensively than ar
gon. Electronic sputtering yields by charged particle bombardment have been 
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measured by Schou et al. (1987) and Ollerhead et al. (1980), whereas energy dis
tributions for electronic sputtering have been measured by Pedrys et a!. (1985) 
and O'Shaujnessy et al. (1988). Erosion studies of krypton with a significant con
tribution of knockon sputtering were carried out by Boring et a. (1987), Balaji et 
al. (1990) and Pedrys et at. (1985). The only determination of the characteristic 
diffusion length from charged particle bombardment was made by Schou et al. 
(1987). Their value t0 — 300 Å is substantially higher than most of the diffusion 
lengths found by photon irradiation (Schou (1987)). The energy release processes 
are similar to those of argon. From the ground state repulsion, 0.8 eV is liber
ated according tu observations from Pedrys et al. (1985) and O'Shaugnessy et al. 
(1988). The corresponding energy release from the dissociative recombination can 
be estimated to 1.4 eV from the measurements of the energy distribution of the 
excited neutrals from Artkawa et al. (1989). An interesting aspect is that no low-
energy metastable krypton atoms are emitted, since the cavity emission does not 
take place in materials with a positive electron affinity (Kloiber and Zimmerer 
(1989)). The kinetic energy distribution of the metastables obtained by Arakawa 
et al. (1989) does not show any low-energy neutrals, but only the feature that 
originates from dissociative recombination. The total yield of these metastable 
neutrals increases with thickness up to about 100 atomic layers and shows a sat
uration for higher values. This thickness dependence agrees with that obtained 
by Schou et al. (I987) for the total yield. This is an argument in favour of the 
atomic hole as the mobile carrier of the exciton. In this connection, Kloiber and 
Zimmerer (1989,1990) demonstrated that the photon excitation of solid krypton is 
very efficient above the energy gap, in particular above the threshold for inelastic 
electron-electron scattering. 

7 Sputtering of Solid Nitrogen 
and Oxygen 

Solid nitrogen and oxygen are in many respects the simplest molecular condensed 
gases. Both gases in solid form have been studied comprehensively at different 
laboratories. In connection with the present work, the two gases have made it 
possible to identify some of the properties that are determined essentially by the 
molecular structure. Knowledge of liicse properties makes it easier to distinguish 
between those features which are common to the molecular solids and those which 
are spec.ric to the hydrogens. 

Luminescence from particle-irradiated solid nitrogen has been observed by 
Dressier (1971), Dressier et a!. (1975), Oehler et al. (1977), Coletti and Bonnot 
(1977), Sayer et al. (1979) and PoItoratsV and Fugol' (1979). In centrist, solid 
oxygen is a strong y absorbing material, and as a matter of fact, nc luminescence in 
the visible or near-infrared regime below 900 nm has been observed from pure solid 
oxygen so far, (Dressier (unpubl.)). Strong absorption from solid oxygen has been 
reported from several groups, for example by Landau et al. (1962) and Schnepp 
and Dressier (1965). The major reason for this luminescent behaviour totally dif
ferent from that of nitrogen is the existence of two electronically excited states 
only about 1 and 2 eV above the ground state in oxygen. In nitrogen the lowest 
electronically excited state A3T,+ is about 6 eV above the ground state, which 
means that the excited atomic levels 2D° and 3P° lie below this triplet state. 
Therefore, the nitrogen atoms which inevitably are generated from dissociative 
processes, play a major role in the deexcitations as quenchers for highly excited 
states and as efficient photon emitters (Dressier (1971), Oehler et al. (1977)). 
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There are no mobile excitations that contribute to sputtering (Ellegaard et al. 
(1986), Liiegaard (1986), Brown et al. (1986)). On the other hand, it is known 
that the J43E+ state as well as the first vibrationally excited level in the electronic 
grour.d state are mobile (Dressier (1971)). These states deexcite by energy transfer 
to the trapped atoms and by multiphonon processes without any localized energy 
release that might lead to sputtering. 

One important consequence of the virtually immobile excitations is that the 
electronic sputtering yield is determined primarily by the energy that is deposited 
at the surface. Therefore, the relationship between stopping power and electronic 
sputtering yield is relatively simple, and for low excitation densities Ellegaard et 
al. (1986a), Rook et al. (1985), Brown et al. (1986), and Gibbs et al. (1988) found 
a linear yield dependence on the stopping power. 

Since the dissociative energy is much larger than the sublimation energy, the ma
jority of the emitted particles during particle irradiation are the parent molecules 
(Pedrys et al. (1989), Brown and Johnson (1986)). However, a significant fraction 
of atoms was observed as well (Pedrys et al. (1989)). 

An important series of yield measurements from these two solids for 0.8- to 
3-keV primary electrons was performed by Ellegaard et al. (1986a). They showed 
that 

i) the sputtering yield does not depend on the film thickness except for a contri
bution that is caused by electrons backscattered from the Metallic substrate, 

ii) the yield is almost proportional to the stopping power of the primary elec
trons, and 

iii) the yield from solid oxygen is almost precisely a factor of two larger than that 
from nitrogen. 

The independence on the thickness means that the constant (bulk) yield is 
easily identified. The contribution from backscattered electrons for the thinnest 
films turned out to be about 25 per cent of the bulk yield. For the two solids 
the bulk yield was proportional to S", where n = 1.15 for nitrogen and 1.20 for 
oxygen. For MeV protons incident on these two solids, Gibbs et al. (1988) observed 
a regime which depends linearly on the stopping cross section Se(E). In contrast, 
most of the yield induced by primary MeV He-ions showed a pronounced quadratic 
dependence on the stopping power (Gibbs et al. (1988)). Gibbs et al. (1988) found 
as well that the yield from oxygen was about a factor of 2.3 to 2.6 larger than 
that from nitrogen during light ion bombardment. 

The difference in yield for nitrogen and oxygen is primarily caused by more 
efficient energy release processes in solid oxygen than in nitrogen. Rook et al. 
(1985) pointed out that the stopping power NSe(E), the sublimation energy and 
the energy required to produce an electron-ion pair are practically similar for these 
two solids. These authors suggested two substantially different values of the re
leased energy E, per electron-ion pair produced in nitrogen and oxygen. The yield 
induced by MeV protons is actually predicted within 30 per cent with Equation 
(5) for E, = 3 eV for solid nitrogen and E, = 7 eV for oxygen. The absolute 
magnitude for primary electrons is about a factor of two larger than the predicted 
value with Dt(0) = 1.6 NS,(E) (Ellegaard et al. (1986a)). Recent Monte-Carlo 
calculations by Valkealahti et al. (1989) confirm that the appropriate excitation 
density 0«(O) at the surface is somewhat larger than the stopping power because 
of scattering and slowing down of primary electrons. Even though Equation (5) 
does not lead exactly to the measured values, the energy dependence as well as 
the ratio of the yield from the two solids are predicted quite well from the expres
sion. According to the discussion in Section 3.3 the sublimation energy per atom 
rather than per molecule has been utilized for the surface binding energy U0- The 
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expression does not include any interaction between excited target particles at 
high excitation densities which lead to the quadratic or nonlinear dependence on 
the stopping power observed for MeV He -ions by Brown e. al. (1986) and for keV 
ions by Ellegaard (1986) and Ellegaard et al. (unpubl.). 

The energy release processes have been explored from energy spectra of the 
emitted particles by Pedrys et al. (1989) and Pedrys et al. (unpubl.). The results 
from electron-induced sputtering of nitrogen indicate at least two different non-
radiative transitions that cause sputterit g of the solid. The most energetic one of 
these transitions is that from highly vibrational^ excited states of the molecu
lar ground state ion or from electronically excited states of the ion down to the 
N(*S°) + N(2P°) or NfS0) + N (2D°)-level or that from the vibrational ground 
state to the W(4S°) +AT(2D°)-level. A aurrber of important electronically excited 
levels for nitrogen are shown in Figure 9. Transitions induced by electron impact 
to electronically excited ions in the £2E+-state (Hernandez et al. (1982)) as well 
as other states have been reported in the literature (Stoiarski et al. (1967)). Such 
a dissociative recombination produces two atoms each with an initial energy of 
about 3 eV. The second process may be the result of relaxation and repulsion from 
the Af(4S°) + JV(2I>0)-level. By this transition the atoms receive less than 1 eV 
Even though E, = 3 eV may be a feasible average, the spectrum from solid nitro
gen demonstrates that the value should be regarded as a weighted sum of different 
contributions. For solid oxygen there are no pronounced high-energy transitions. 
The released energy may originate from subsequent relaxation and repulsion pro
cesses that terminate on the four lowest combinations of excited atomic levels 
0(XS) and 0(lD), and of the ground state level 0(3P). A complicating feature 
for the processes in solid oxygen is the ozone formation by which about 1 eV 
is liberated as kinetic energy. For sputtering *rom solid oxygen, E, is composed 
by many small energy values rather than one or two specific high-energy release 
processes. 

The data for sputtering by keV hydrogen ion bombardment are shown in 
Figure 10. The yield per ion is depicted as a function of the sum of the electronic 
stopping power NSe(E) of the individual atoms in the ion. The proton-induced 
as well as polyatomic ion-induced yields from solid nitrogen are proportional to 
S", where n = 1.60. Since the data points all lie on a single curve, it means that 
one may consider the impact of a polyatomic ion as a simultaneous impact of 
atoms with an equal sharing of energy. Then, the atoms are so close to each other 
that the excitations in those layers that contribute to sputtering correspond to 
those produced by one particle with an electronic stopping power equal to the 
sum of the stopping p >< ers for the atoms (Stenum et al. (1991a)). This point of 
view is strongly corroborated by the energy spectra from proton and molecular 
hydrogen ion incidence. There is no indication that different processes account 
for the spectra of ejected particles by polyatomic hydrogen ions in the case of 
either solid nitrogen or oxygen (Ellegaard et al. (unpubl.)). An interesting feature 
is that the data points for the yield per atom as a function of the energy per atom 
do not lie on a single curve as they do for solid neon and argon, but on three 
separate branches (Ellegaard et al. (1986b)). It means that the excitations that 
lead to sputtering are almost immobile, as pointed out above from the thickness 
dependence of the sputtering yield. 

For solid oxygen the yield is proportional to SJ\ where n = 2.0. The proton-
induced yield from oxygen is about a factor of 2.3 larger than that from nitrogen for 
the same electronic stopping power. For the molecular ions the yield from oxygen 
exceeds that from nitrogen by a factor of 4.0 for the same stopping power as well. 
The increase of the oxygen yield relative to that of nitrogen for comparatively 
high electronic stopping powers was observed by Gibbs et al. (1988) as well. 

The nonlinear dependence of the ion-induced yield on the stopping power might 
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Figure 9. Potential energy diagram for gaseous nitrogen (From Ellegaard el al. 
(vnpubl.)). 

be considered to be a surprising behaviour, in particular since the yield for similar 
stopping powers of MeV H+-ions does not show this nonlinearity. At present keV 
energies the ionization cross section is comparatively small (Rudd et al. (1985)). 
This means that about 60 eV is required for the first electro»i-ion pair, whereas the 
asymptotic high-energy value for W is 36.2 eV (ICRU (1979)). It follows from this 
that the excitations below the ionization threshold are dominant. These simulta
neous excitations are so close that the average distance between two subsequent 
excitations may be less than 3 Å. Excited and ground state atoms that originate 
from different dissociated molecules may recombine and continue the relaxation so 
that extra energy is released. A possible additional effect is the overlapping of the 
cascades so that fragments of a cylindrical spike may be generated. Both effects 
lead to a yield dependence on the stopping power to the second or higher powers. 

An interesting analysis of the important transitions to the levels below the 
ionization threshold during keV proton impact on gaseous nitrogen and oxygen 
was reported by Park (1978) and Enos et al. (1991). The author.« demonstrate from 
high resolution translational energy spectroscopy that the dominant process for 
nitrogen is a transition from the ground state XXY,+ to a1 II,, but also other singlet 
state levels as u>' A„ and 61 nu are populated by the ion impact. For oxygen the 
dominant transitions are from the ground state X3T.~ to the B 3 £ j and >43£+ 
levels. The molecules in these two excited levels dissociate in contrast to most 
of the excitations in nitrogen. This means that the energy from excited oxygen 
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Figure 10. The total yield as a function of the sum of the total electronic stopping 
cross section for the primary ion. Atomic stopping cross sections from Andersen 
and Ziegler (1977). 

molecules is much more efficiently converted to translational energy than that 
from electronically excited nitrogen molecules. 

The linear behaviour that is shown by the electron-induced yield (Ellegaard et 
al. (1986a)) and for proton bombardment in the MeV range (Gibbs et al. (1988)) 
is primarily a result of frequent ionizations compared with excitations. The ionized 
molecules dissociate after electron capture, and this event may take place after 
relaxation of the excited atoms in the neighborhood. 

8 Sputtering of Solid Hydrogen 
Isotopes 

The solid hydrogens turned out to be the most difficult materials to study with 
respect to sputtering because of the high volatility. Therefore, the experiments 
with these solids had to be performed at temperatures below 4 K and with a 
comparatively low beam power. Many of the features from the sputtering results 
are still partly unexplained. 

The properties of the solid hydrogens are remarkable in many respects. 
The sublimation energies are the smallest ones for all possible targets in vacuum, 
ranging from 8.65 for solid hydrogen up to 10.8 and 12.65 meV per molecule for hy
drogen deuteride and deuterium (Souers (1986)). These values are approximately 
a factor of 2 smaller th - *• that of solid neon, which is the most volatile ordinary 
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solid rare gas. 
The mobility of the electrons in solid hydrogen is extremely low, 6 • 10-6cm2/(V 

sec) -1, which is about three orders of magnitude less than that in solid nitro
gen and oxygen (Le Comber et al. (1976)). The low mobility is primarily caused 
by electron trapping in lattice defects and subsequent formation of electron bub
bles. These immobile electrons have been observed with absorption spectroscopic^ 
methods in solid deuterium by Brooks et al. (1983, 1985a), in solid hydrogen by 
Brooks et al. (1985b), and in solid hydrogen deuteride by Miller et al. (1988). 

The visible luminescence from particle-bombarded solid hydrogens is weaker 
than from any other comparable solidified gas except solid oxygen (Stenum et al. 
(1989, 1991c)). The electronic structure of hydrogenic molecules differs basically 
from that of oxygen, since there is a gap of about 10 eV from the ground state to 
the lowest electronically excited states in the hydrogenic molecules. The photon 
emission from solid deuterium observed by Stenum et al. (1989) and by Schou et 
al. (1989) represents one of the less common pathways for electronic deexcitation. 
The majority of the electronic excitations terminate on one of the many repulsive 
branches above the dissociative limit or on, for example, the strongly repulsive 
63E+ state so that the deexcitation processes release from 11 to 5.5 eV as kinetic 
energy. However, it is not clear if the energy is liberated in one event or shared 
among several events with a relatively small energy release. The formation of 
triatomic ions, as for example D3 -ions, leads probably to a subsequent generation 
of D^-ions, which eventually may recombine. By the recombination 4-8 eV is 
liberated, and the observed peak around 275 nm assigned to a transition in DJ 
appears after only less than 10 per cent of the recombinations (Stenum et al. 
(1989,1991c), Stenum (1991)). 

Systematic measurements of the yield dependence on film thickness and 
primary energy have been carried out only at Risø. The work was initiated by 
Sørensen (1976), gradually improved by Børgesen et al. (1980), Børgesen and 
Sørensen (1982), Børgesen (1982), Schou et al. (1984), Ellegaard (19S6), until it 
reached the present refinement in studies by Stenum et al. (1990,1991a,1991b) and 
Stenum (1991). Erents and McCracken (1973) published results for ion-bombarded 
solid hydrogen, which indicated a yield of similar magnitude as that from Stenum 
et al. (1991b), but the thickness dependence did not show a saturation behaviour 
for large film thicknesses in contrast to the data observed by Stenum et al. (1990). 

The yield for thick films as a function of the proton energy is shown in Figure 
11. For all three isotopes the energy dependence is a clear indication of electronic 
sputtering. The nuclear stopping power decreases significantly in this interval, 
and the magnitude of the knockon sputtering yield predicted from linear collision-
cascade theory is typically about or below one deuterium molecule per proton. 
Knockon sputtering from either a cylindrical elastic spike or nonoverlapping elas
tic subspikes leads to an energy dependence that disagrees completely with that 
observed experimentally. It means that contributions from these mechanisms are 
relatively unimportant. For solid hydrogen deuteride and hydrogen the yield de
pendence on primary energy can be approximated well by the electronic stopping 
power squared times a constant that depends on the specific isotope. However, for 
solid deuterium the dependence on energy is almost proportional to the cube of 
the stopping power. 

There is no satisfactory theory that reproduces the observed energy depen
dencies as well as the magnitude of the yield. The ionization cross section for 
protons with energies up to 10 keV incident on hydrogen gas is so small (Rudd 
et al. (1985)) that the average energy loss to produce an electron-ion pair varies 
from about 250 eV at 5 keV to 150 eV at 10 keV (Stenum et al. (unpubl.), Stenum 
(1991)). Since this value is far from the asymptotic high-energy value of 37.5 eV 
(ICRU (1979)), it means that excitations below the ionization limit are dominant. 
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Figure 11. The sputtering yield from solid androgenic targets bombarded by protons. 
A typical standard deviation is indicated. (From Stenum et al. ((1991b)). 

Collision spectrometric measurements by Park (1978) show that excitations of 
the 2?'l;+-level or of the many close-lying molecular states just above this level 
from the XlT,+ ground state prevail. The distance between two subsequent exci
tations, which according to the previous discussion each releases an energy A£, 
between 5.5 and 11 eV, is so small that the recoils interact. Since the binding to 
the hydrogenic lattice is small, the repulsing atoms generate individual subspikes 
that immediately merge into a cylinder around the track. If we utilize the picture 
advocated by Brown et al. (1986), the number of atoms set in motion can be esti
mated by 2*E,JU9. Even for the least volatile material, solid deuterium, it means 
that each sphere within which the molecules are set in motion contains at least 
several other starting points for subspikes. The resulting cylindrical spike posseses 
an almost perfect cylindrical geometry. 

In the comparatively simple model of a cylindrical spike by Sigmund and Szy-
monski (1984) the yield is proportional to the square of the deposited energy per 
unit length. In this context the energy per unit length means the part of the elec
tronic stopping power that ends up in electronic excitations below the ionization 
threshold. The energy spent in ionizations is unavailable for the cylindrical spike 
except the energy from the Dj-formation, which takes place simultaneously with 
the generation of the cylindrical spike. The effective stopping power FD(E) is 
about 0.6 times the electronic stopping power. The remaining 40 per cent of the 
stopping power represent energy loss to ionization, dissociation and kinetic energy 
of the secondary electrons. A minor part of this energy loss leads to energy release 
from dissocative recombinations of Dj or D,-ions, which may occur on a time 
scale up to several seconds after the spike generation. This energy release leads to 
electronic sputtering as well, but the contribution is insignificant compared with 
the total yield from the cylindrical spike (Stenum (1991), Stenum et al (unpubl.)). 

Although the yield dependence is fairly well predicted by the cylindrical elec
tronic spike, the model cannot describe the dependence on the sublimation energy 
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U, in a satisfactory way. On the basis of the model by Sigmund and Szymonski 
one may deduce an initial string energy AT",(A'5.) from the measured yields of th«. 
three hydrogen isotopes. However, one arrives at a temperature corresponding to 
a value of kT, of approximately 4 meV, which leads to a yield that b one order of 
magnitude too low. A straightforward implication is that the sublimation energy 
may not be the most appropriate quantity for the surface binding U,. Considering 
the large sputtering yields one may expect that many adjacent particles are emit
ted simultaneously. In that case, a constant barrier of magnitude U, determined 
by fixed surface atoms becomes meaningless. 

An interesting feature is that the yield from solid deuterium during molecular 
hydrogen ion bombardment shows the same dependence on the stopping power 
as that during proton bombardment. Even though we use the standard assumption 
that a polyatomic ion dissociates upon impact under an equal sharing of energy, 
the atoms from the ion are so close to the others that one may regard the impact 
of the molecule as one event. In this manner, it corresponds to an impact of an 
ion with an electronic stopping power two or three times larger than the proton 
stopping power. Stenum et al. (1991a) showed that the total yield as a function 
of the total electronic stopping power could be approximated by a single curve, 
independent of the number of atoms in the ion. The yield from solid deuterium 
turned out to be fairly well represented by a cubic dependence on the total stopping 
power up to 5c-values close to the maximum of the stopping cross section. 

As discussed above, the dependence on the stopping power NSt is certainly not 
linear. It means that the expression, Equation (5), is not feasible for hydrogen ions 
of energies below the stopping power maximum, and the yiela predicted by this 
formula with E,/W = 0.6 is actually less than 20 per cent of the experimental 
values except for deuterium, where the predicted yield approaches one-half for the 
lowest primary energies. Here and in the following treatment for primary electrons, 
we have used Equation (5) with a surface barrier for the atoms equal to one-half 
of the molecular sublimation energy in complete analogy with the treatment for 
solid nitrogen and oxygen. 

For primary electrons the thickness dependence differs basically from that 
of ions. The dependence for 1-keV electrons incident on solid hydrogen deuteride 
and that for 2-keV electrons on deuterium are shown in Figure 12. It was not 
possible to perform any electron sputtering measurements of solid hydrogen with 
the quartz crystal because of a pronounced beam-induced evaporation. The thin-
film enhancement is similar to that for primary protons, but the increase at large 
film thicknesses has no parallel in the studies with primary ions. In contrast to 
the ion case there is no constant yield at thicknesses that exceed the range of the 
primary particle. It is tempting to ascribe the behaviour at large thicknesses to 
a mechanism different from the ordinary electronic sputtering. It means that as 
a starting point one may assume that the thick-film yield comprises a significant 
contribution of sputtering from this mechanism and a comparatively small one 
from ordinary electronic sputtering. The electronic yield that should be compared 
to Equation (5) is the value at the minimum. However, even this value may not be 
the most appropriate one if the mechanisms for the thin or thick films contribute 
substantially to the yield at this thickness. 

The deexcitation processes for primary keV electrons are somewhat different 
from those for protons. The distance between subsequent ionizations along the 
electron trajectory is typically about 200 Å for the present energies. The compi
lations by Miles et al. (1972) and Heaps and Green (1975) show that the cross 
section for ionization by keV electrons is almost a factor of two larger than that for 
the most probable excitation, X'EJ —» ClUu, and even more for the excitation 
to the lowest bound electronically excited state B'EJ. The cross section for a 
direct excitation of the repulsive triplet state 63E+ is very small for electron ener-
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Figure IS. Sputtering yield for electron bombardment as a function of film thick
ness for solid deuterium and hydrogen deuteride. Note the different scales. From. 
Ellegaard (1986) and Børgesen et al. (unpubl). 

gies above 50 eV, but most of the excitations in the system may terminate on the 
63£+-curve after tunneling from higher electronically excited states. Only about 
20 eV out of W = 37.5 eV per electron-ion pair are liberated as kinetic energy, 
whereas the other part of the deposited energy is lost to ionization, dissociation 
and kinetic energy of the internal secondary electrons (Stenum et al. (unpubl.)). 
With this choice for Et/W and the surface value of the deposited energy from 
Valkealahti et al. (1989) one obtains from Equation (5) an electronic sputtering 
yield that is about 75 per cent of the deuterium yield, but only 30 per cent of the 
hydrogen deuteride yield at the minimum. The disagreement is considerable, but 
one has to take into account that it would be desirable to improve the treatment 
of how molecules pass a surface barrier in such a volatile material. The ejection 
effiency Y/Dt(0) for hydrogen deuteride is about a factor of 2.7 larger than that 
for deuterium. This factor is substantially larger than the corresponding ratio 1.2 
of the sublimation energies. An estimate based on the spherical subspike model 
with a fixed average energy release of 8 eV per deexcitation and a surface binding 
energy equal to the sublimation energy gives a yield that is almost three times 
larger than the measured value for solid deuterium and a factor of 1.15 larger than 
that from hydrogen deuteride. Apparently, the low-energy linear collision-cascade 
model gives a reasonable prediction for the least volatile material, solid deuterium, 
whereas the spike model seems more appropriate for hydrogen deuteride. 

The behaviour of the yield for thick films is complex as demonstrated in 
Figure 12. Unfortunately, these two series are the only complete ones measured 
with the quartz crystal microbalance. The points for 2-keV electrons on deuterium 
•how a more rapid increase than those for 1-keV electrons on hydrogen deuteride. 
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It is not obvious whether or not the reason is the different material or energy. 
However, one knows at present that 

i) the thick-film enhancement is not caused by beam-induced evaporation, 

ii) the enhancement has been observed for solid hydrogen as well, and 

iii) the enhancement is not an artifact from the measurements on the quartz 
crystal microbalance, but has also been observed for a massive target. 

Ellegaard (1986) showed that the magnitude of the deuterium yield was not 
influenced by different currents, and Børgesen et al. (unpubl.) have shown that 
the yield for 1 keV electrons incident on a massive gold substrate behaves in a 
way similar to those shown in Figure 12. 

It is tempting to associate the different thickness dependencies for primary 
ions and electrons with the concept that the primary electrons embedded in the 
film build up a space charge. Børgesen (1982) saw a clear current signal from 
immobilized electrons during film evaporation, but there is at present no link to 
new sputtering mechanisms from this observation. 

Extensive series of measurements on all three hydrogen isotopes were carried 
out with the emissivity-change method (Børgesen et al. (unp'ibl.)). During the 
initial phase the broadening of the beam spot was not taken into account (Schou 
et al. (1984)). Since the area of the spot almost varied 50 per cent from 1- to 
3-keV electrons, it turned out to be difficult to evaluate an absolute yield from 
this method alone. A complicating feature was that the strong trends for thick 
and thin films were cot studied separately. For the highest energy, it was even 
not possible to reach thicknesses corresponding to the thick-film regime with the 
emissivity-change method. On the other hand, some of these data (Børgesen et al. 
(unpubl.)) may now be analyzed in a satisfactory manner, because the recent data 
for proton bombardment of hydrogen showed that the beam spot on a hydrogen 
target is similar to the area on the less volatile targets, namely solid hydrogen 
deuteride j.id deuterium. 

9 Status and Outlook 

During the past ten years sputtering of elemental condensed gases has been ex
plored in a systematical manner by the present author and collaborators as well 
as by several other groups. The features that are characteristic for the condensed 
gases have been largely identified. On the other hand, it has turned out that a 
number of phenomena known from ordinary knockon sputtering of metals occur 
for sputtering of condensed gases as well. 

The present work has been primarily a study on erosion of some of the most 
volatile gases by low energy ions (1-10 keV/atom ) and electrons (1-3 keV ). The 
measurements of the yield as a function of film thickness, primary energy and other 
experimental parameters were not performed systematically with these primary 
particles for these energies at any other laboratory. 

Solid neon, argon, nitrogen, oxygen and deuterium have been investigated com
prehensively. Except for electron bombardment of solid deuterium the data base 
makes it possible to predict with fair accuracy sputtering yields of these solids 
outside the measured energy and thickness regime. 

Some of the important results have had 8 considerable impact on the literature. 
The electron-induced yield from solid nitrogen and oxygen turned out to behave 
almost like a linear function of the stopping power. The thickness dependence 
of the yield for the condensed elemental gases appeared to be similar to that 
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of keV and MeV hydrogen ions. For keV hydrogen ions incident on solid argon 
and krypton the characteristic diffusion length of the mobile excitations was in 
agreement with the length obtained from bombardment by other charged particles 
or from recent luminescence experiments. The knowledge of the magnitude of the 
absolute yield has been useful in exploring which processes convert the energy m 
electronically excited states to kinetic energy of the target particles, and for the 
describing these phenomena as well. The pronounced enhancement of the yield for 
thin films was shown to result from the interaction between the primary particle 
and metallic substrate rather than from any beam-independent structural interface 
effect. 

Nevertheless, several important problems are not satisfactorily resolved. The 
behaviour of the sputtering yield for primary electrons incident on thick hydrogenic 
films is poorly understood. Energy and mass spectra from these films will be an 
important step in identifying the mechanism. The thin-film enhancement is poorly 
understood as well. Experiments made with a combination of two ices seem to be 
useful, but the introduction of more than one gas leads inevitably to processes at 
the interface. Even systems of solid nitrogen and solid rare gases are not easy to 
handle. However, the prospects are probably better for successful thin-film studies 
of these systems than for ice combinations with too dissimilar physical properties, 
such as, for example, the sublimation energy. 

Considerable progress has taken place at several other laboratories during this 
past decade. In particular, solid argon and nitrogen have been studied with MeV 
light-ion beams, luminescence spectroscopy and desorption, and by energy and 
mass analyses of the ejected particles. Although many of the features now are 
understood well, several beam-target combinations have been comparatively little 
investigated. 

It is surprising that even solid argon and nitrogen have not been irradiated by 
MeV ions in a higher charge state than two. The effect of highly charged ions 
incident on these solids is a completely open field. Data of photon-stimulated 
neutral atomic and mo!' lar emission from other condensed gases than the rare 
gas solids would yield complementary information for the sputtering studies with 
charged particles. 

Another relatively unexplored field is sputtering from solidified gases by medium 
or heavy ions. At very low primary energies (below 1 keV) one may expect almost 
regular knockon sputtering for materials with a high surface binding energy. On 
the other hand, the few existing results for medium or heavy ion bombardment 
in the keV regime of the most volatile gases such as the solid hydrogen isotopes 
or neon indicate that the yields are extremely high, up to more than 10* target 
particles per primary. This material flow out of the surface represents a transition 
towards a hydrodynamic description. 

The irradiation of even simple heteronuclear condensed gases leads to chemical 
reactions which complicate the sputtering studies. The deexcitation processes that 
lead to electronic sputtering in the chemical compounds have as yet been uniden
tified. In any rase, one may expect that the knowledge of sputtering of elemental 
gases is an appropriate starting point for sputtering studies on more complex ices. 
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11 Dansk sammendrag 

I det foreliggende arbejde er en række flygtige frosne gasser blevet bestrålet med 
keV elektroner og lette ioner. Bestrålingen er foretaget ved en lavtemperatur op
stilling på Forskningscenter Risø. 

Hovedformålet med dette studium har været at undersøge, hvordan og hvor hur
tigt denne type af faste stoffer eroderes af en partikelstråle. Ved høje temperaturer 
eller store partikelstrømme eroderes den frosne gas ved såkaldt beam-induceret for
dampning. Ved lave temperaturer og små strømme er erosionsprocessen overve
jende sputtering, d.v.s. erosion f •(?* - 6c; af enkeltpartikel kollisioner. En vigtig 
type af sputtering, der her er studeret, er den såkaldte "elektroniske sputtering". 
Ved denne type erosion omdannes den energi, der afsættes af den primære partikel 
til excitation og ionisation af targetpartikler, til kinetisk energi ved elektroniske 
deexcitationer. Hvis denne energi frigøres tilstrækkeligt tæt ved overfladen, kan 
targetpartikler blive udsendt og overfladen dermed eroderet. 

De opnåede eksperimentelle resultater viser, at sputtering af simple isolatorer 
som disse frosne gasser netop afviger fra normal sputtering af metaller ved, at 
elektronisk sputtering under mange forhold er den fremtrædende form for ero
sion ved partikelbestråling. Eksperimenter med frosne gasser har betydet, at det 
generelle kendskab til elektronisk sputtering er blevet udvidet og systematiseret. 
For fusionsforskningen betyder de foreliggende resultater, at en række vigtige data 
for erosionshastigheden af piller af faste brintisotoper i et plasma er tilvejebragt. 
Samtidig er disse data nyttige for problemstillinger, der vedrører erosion af iskorn 
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i det interplanetariske rum. Selvom det ofte er kemiske forbindelser, der eroderes, 
er analysen af sputteringprocessen for frosne gasser af grundstoffer hyppigt det 
første skridt i den videre analyse. 

Malingerne er primært blevet udført med en mikrovægt. der er ophængt ved 
flydende-helium temperalur. Tynde film af frosne gasser er blevet deponeret pi 
mikrovægten, en oscillerende kvartskrystal. Ved bestråling borteroderes en del af 
filmen, og massetabet kan direkte bestemmes. Da den indkommende partikelstrøm 
kan males, kan man derved bestemme udbyttet, antallet af borteroderede partikler 
per indkommende vtikeL 

Frosne film af ædelgasserne, neon, argon og krypton har været en vigtig del af det 
foreliggende arbejde. I sputtering sammenhæng er fast neon for første gang blevet 
undersøgt systematisk, og sputtering udbyttet for primære elektroner og lette 
ioner bestemt. For første gang er diffusionslængden for de excitationer, der i neon 
producerer sputtering ved elektronbombardement, blevet bestemt. Den tilsvarende 
diffusionslængde er også blevel bestemt for fast argon, der blev bestrålet med 
elektroner si vel som med lette ioner. For fast krypton blev diffusionslængden 
tilnærmesvist bestemt ved bestråling med brintioner. Dette er indtil nu den eneste 
bestemmelse af diffusionslængden udfra partikelbeslraiing. 

Fast kvælstof og ilt er ligeledes blevet undersøgt. I modsætning til de frosne 
ædelgasser er der ikke fundet mobile elektroniske excitationer, der medvirker til 
sputtering. Sputtering udbyttet er omkring dobbelt så stort for fast ilt som for 
kvælstof for både primære elektroner og og brintioner. En undtagelse er dog de 
polyatomare brintioner, hvor udbyttet er væsentligt større for ilt end kvælstof. 

De faste brintisotoper har udgjort en væsentlig del af det foreliggende arbejde. 
For filmtykkelser, der er større end rækkevidden af de lette ioner, er udbyttet 
konstant. Dermed har det for første gang været muligt at måle udbyttet for alle 
stabile brintisotoper, normal brint, deuterium og hydrogen deuterid ved en række 
energier. Udbyttet vokser med ionenergien, hvilket er el klart tegn på, at ero-
sionsprocessen er eiektronbk sputtering. Udbyttet er langt større for del flygtige 
faste brint end for fast hydrogen deuterid, hvis udbytte igen er større end for 
det mindre flygtige faste deuterium. Afhængigheden af sublimationsenergien, der 
er et mil for flygtigheden, er meget kraftig. Ved bestråling med elektroner er et 
minimum i udbyttet blevet observeret for filmtykkelser over elektronrækkevidden. 
Da udbyttet imidlertid vokser med filmtykkelsen udover dette minimumspunkt, 
har del været vanskeligt at identificere et egentligt tykfilmsudbytte som ved de 
primære ioner. Der hersker stadig en del usikkerhed over hvilke processer, der 
frigør ener.. »I sputtering i de faste brintisotoper. Luminescence milinger viser, 
at der ikke er nogen væsentlig lysudsendelse i UV-området og del synlige omrade 
fra fast deuterium under elektronbombardment, og al energien fra den primære 
partikel derfor i høj grad omdannes til kinetisk energi. 

Cl fælles træk for de mest flygtige frosne gasser er det store udbytte for tynde 
film bade ved bestråling med elektroner og lette ioner. Med aftagende tykkelse 
kan udbyttet stige til en størrelsesorden over tykfilmsniveauet. Denne tyndfilms-
forøgelse er observeret ved andre opstillinger og er ikke speciel for målinger med 
en kvartskrystal mikrovatgt, som her er blevet benyttet. Selvom der for første 
gang er blevet foretaget systematiske undersøgelser af denne effekt, er den endnu 
langtfra forstået. Det er dog klart, at effekten skyldes vekselvirkningen mellem 
beampartikler og det underliggende metalliske substrat. 

De foreliggende resultater viser, at der er store ligheder mellem de frosne gasser 
ved sputtering. Indenfor de to grupper, frosne ædelgasser, og flygtige frosne mo
lekylære gasser, er lighederne markante. Kun de faste brintisoloper adskiller sig 
på nogle punkter fra de øvrige grundstoffer. Selve processen, der frigør energi til 
sputtering, er dog karakteristisk for hver enkelt gas. Der eksisterer således ikke 
nogen generel fælles proces til energifrigørelsen i de frosne gasser. 
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13 Notes 

NOTES TO PAPER 1 
Børgesen et al. (1982) 

The paper contains the first experimental results on electron-induced sputtering 
of solid neo'-. The first quantitative model that combines the production and 
transport of excitons with sputtering is presented as well. 

p. 57. The erosion of .... UF« is no typical room-temperature gas. It melts at 
1309 K (Griffith et al. (I980)). 

.... The data point for 1.5 MeV He-ions was taken at 8 K. However, Schou et al. 
(1986) have demonstrated that 6 K is the upper temperature limit for sputtering 
without beam-induced evaporation. 

We first report.... Farrell et al. (1972) suggested that excitons might play a role 
in desorption of solid rare gases by electrons. However, the authors did not present 
any quantitative model. A comprehensive analysis of the deexcitation pathways 
in rare gas solids was performed by Johnson and Inokuti (1983). 

p. 58. The erosion yield.... The method and Eq. (2) are extensively discussed in 
Schou et al. (1984). 

It is then found.... In Schou et al. (1986) it was confirmed that the yield for 
film thicknesses above 730 Å is essentially constant. The minimum of the yield 
for thicknesses around 140 Å could not be observed, since the method used in 
this paper is relatively insensitive for small thicknesses with this film-substrate 
combination. 

p. 59. Here, a different approach .... The energy release is discussed in Sects. 5-6. 
The mobile excitations are either atomic holes or (highly excited) free excitons. 
See Sects. 5-6. 

The properties of excitons... The fraction 0.35 is appropriate, but all types of 
excitons may contribute to the sputtering. The diffusion length was estimated to 
230 Åby Schou et al. (1986), ane Is actually smaller than that for the heavier rare 
gas solids (Schou (1987)). 

The observed....The experimental yield in Fig. 1 turned out to be larger than 
estimated from Eq. (4), since beam broadening was neglected. The energy depen
dence of the yield changes slightly, because the area of the beam spot decreases 
for energies below 1.5 keV. (See Schou et cl. (1984) and (1986)). 

p. 60. From (3) and (4).... This calculation does not include '-atures, which 
have been taken into account by Schou et al. (1986) i) The range of the primary 
electrons is comparable to the diffusion length of the mobile excitation and ii) 
the depth distribution of the deposited energy is not constant, but relatively well 
approximated by a Gaussian distribution. 

As discussed... This is the first example of a significant decrease of the yield in 
ie presence of impurities. The fluence necessary for erosion is considerably less 

for a pure neon film than for an argon-doped or -contaminated film. The depen
dence on the argon concentration deviates from the expected behaviour (Claussen 
(1982b)). However, Brown et al. (1985) showed a convincing example of the de
pendence on the impurity concentration. 

p.61. Ref. 14.... Børgesen et al. (unpubl.) 
Ref. 15.... Schou et al. (1986). 
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NOTES TO PAPER 2 
Schouetal. (1984) 

This paper contains a comprehensive study on the two experimental methods 
that were used in the present work. In particular, the feasibility of utilizing a 
quartz crystal microbalance at liquid-helium temperature was demonstrated. 

p. 44. Most of the experiments ....The high yields (about 5.104 molecules per 
ion) were published by Erents and McCracken (1973). These yields were measured 
for thicknesses, at which the thin-film enhancement is the dominant process. 

Measurements.... In the high-energy regime nuclear reactions prevent the sys
tematic use of light ions. 

p. 46 At temperatures.... Short measurements have been performed with a fre
quency change of 5 Hz for the most volatile materials. 

p. 47. During erosion.... In a part of the present thesis a 4-mm aperture was 
used as well. 

An attempt.... The broadening of the beam spot relative to the projected area 
of the aperture is the ...ain correction to Børgesen et al. (1982) from this paper 
and Schou et al. (1986). 

p. 48- For normal incidence.... 2d corresponds to the mean path length rather 
than to the mean projected range (Valkealahti et al (1988)). 

p. 49. Formula (5).... The range of a 3-keV electron is about 3.10léH2/cm2. 
Hence, the yield deduced from Fig. 6 is not a proper bulk yield, but represents the 
slowly decreasing yield with increasing thickness from the thin-film enhancement 
(Sects. 4 and 8). 

p. 51. Occasionally it was possible... This example has a limited validity in view 
of the thickness-dependent yield for solid neon. 

Finally....The current density has been estimated by the ratio of the current to 
the area of the sweep aperture. This density is different from, but probably of the 
same order of magnitude as the real current density in the stationary beam. 

p. 52. The accuracy.... An important problem is not included here: The change 
of the sensitivity as a function of position on the quartz crystal (See Sect. 2). 

p. 53. For the two.... Measurements of the electron-induced sputtering have 
been performed for hydrogen deuteride, but not for solid hydrogen. Even with an 
mproved crystal holder it was only possible to measure ion-induced sputtering for 

solid hydrogen. The deposited power becomes too large to exclude beam-induced 
evaporation with primary electrons (See Sect. 8). 

p. 54. The determination.... So far, no bulk value of the yield has been observed. 
The minimum value of the yield is 4 Dj/electron (See Sect. 8). 

The slope... This argument does not hold, since it turned out that the yield 
from solid neon depends on the film thickness. 

The hydrogen isotopes....It is not certain how the crater side influences the 
spectrum. The thin-film enhancement was not identified during the work for this 
oaper. 

This case... Beam-induced evaporation is discussed in Sect. 3.1, Schou et al. 
(1986) and Schou (1987). 

p. 55. The general expressions.... This analysis does not include the varying mass 
sensitivity of the crystal, and may, therefore, be considered solely as an estimate. 

p. 56 Ref. 22.... Schou et al. (1986) 
Ref. 23.... Børgesen et al. (unpubl.) 
Ref. 24.... Ellegard et al. (1986b). 
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NOTES TO PAPER 3 
Schou et al. (1986) 

In this paper, improved results for sputtering of solid neon by electrons are 
shown. A pronounced thickness dependence of the yield is shown. The first de
termination of the diffusion length of the excitations that lead to sputtering is 
presented. 

p. 94. In many respects.... The determination of a diffusion length from optical 
methods is complicated and relies on a number of assumptions (See Sect. 5). 

p. 97. For these measurements.... A new construction of the crystal holder on 
thin springs has made it possible to observe the thin-film enhancement of the yield 
during erosion of films with an initial thickness that exceeds that for which the 
enhancement occurs. 

The yield of a.... The thickness of a 4.51017Ne/cm2-film corresponds to the 
mean projected range of 2.8 keV electrons in neon (Valkelahti et al. (1989)). The 
indicated range for 1.7-keV electrons is larger than that evaluated on the basis of 
the data from Valkealahti et al. (1989). 

In these measurements.... So far, it has not been possible to reproduce these 
results with the frequency-change method. 

p. 98. A strong dependence.... See Sect. 3.1 and Schou (1987). 
A dependence.... The yield dependence on film thickness is discussed compre

hensively by Schou (1987). 
The magnitude.... The yield of 8 D2/electron does not correspond to the mini

mum of the yield, which is 4 D2/electron (See Sect. 8). 
p. 102. Let us now estimate....The transitions from the vibrational^ relaxed 

state have not been observed. The transitions liberate much less than the 37 eV 
suggested (Comp. Sect. 5). 

Recently, Coletti et al Ale tast able atoms from this mechanism have been 
observed by Kloiber and Zimmerer (1990). 

p. 103. Sputtering yields.... The types of excitation produced in neon by keV 
ions is different from those produced by keV electrons, and no clear thickness 
dependence was observed for ion bombardment (See Sect. 5) . 

Let us new consider.... Actually Reimann et al. (1984b) includes the ground 
state repulsion as well. 

The holes recombine.... These considerations are somewhat misleading, since 
Reimann et al. (1984b) and (1988) consider atomic holes. 

p. 104. For solid neon.... Some resul.s from Debever and Coletti were included 
by Huormatallah et al. (1988) and Kloiber and Zimmerer (1989). 

The strong enhancement.... The thin-film enhancement has been observed also 
for the solid hydrogens (Sect. 4). 

Ordinary sputtering.... A similar treatment that includes mobile excitations is 
presented by Ellegaard et al. (1988) The total energy release for argon is about 
2.3 eV (Sect. 6). 

p. 106. Ref. 35 ....Øhlenschlaeger et a!. (1986). 
Ref. 36 Børgesen et al. (unpubl). 
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NOTES TO PAPER 4 
Ellegaard et al. (1986b) 

This paper shows the first example of a linear yield dependence on the electronic 
stopping power for light ions of energies on the low-energy side of the stopping 
power peak. The paper demonstrates that the thin-film enhancement for light ions 
is similar to that for electrons. 

p. 567. In a forthcoming publication.... These comparisons were never published. 
Some of the results are described in Ellegaard (1986). Paper 12 contains results 
for solid neon bombarded by He-ions. 

p. 568. As was the case.... These phenomena were not fully explored. 
Thickness dependence (Fig. 2).... The present results do not show a clear in

crease of the yield with thickness as in the case of primary electrons. A reason for 
this might be that the primary ions below 10 keV produce almost exclusively ex
citations below the ionization threshold, whereas primary keV-electrons produce 
a substantial number of ionizations. The diffusion properties of the excitations 
above or below the ionization threshold may be fairly different. 

p. 569. Nuclear collisions contribute.... This problem is discussed in paper 11. 
The contribution from nonoverlapping elastic subspikes is about 20 Ne/H in the 
entire energy range considered here. (See Sect. 5) 

p. 570. For the two solid rare gases....The mobile excitation is either an atomic 
hole, which diffuses by electron exchange, or a highly excited free exciton. (See 
Sect. 5) 

Model calculations.... Much less energy than 3.7 eV is liberated per ground state 
repulsion. (See Sect. 5) 

p. 571. Ref. 7 Schou et al. (1986). 
Ref. 17 Ellegaard et al. (1986a). 
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NOTES TO PAPER 5 
Ellegaard et al. (1986a) 

This paper showed the first example of an almost linear relation between the 
yield and the electronic stopping power. 

p. 474. A variety of.... The list is no longer complete. See the text. 
p. 475. When the density....Some considerations about the interaction between 

excited particles were presented by Brown et al. (1986). (See also Sect. 3.3) 
The irradiation.... This list of works is extended in Sect. 7. The range of keV-ions 

in solid nitrogen and oxygen is commented by Børgesen (1985). 
p. 483. The majority.... This survey is no longer up to date. See the text. 
The yield dependence.... The decreasing yield for increasing film thickness for 

the solid hydrogen isotopes is caused by the thin-film enhancement, Sect. 4. 
The experimental results.... The measurements and their interpretation are dis

cussed in Sects. 3.3 and 6. 
p. 484. The data of Brown....The behaviour of the electron-induced yield from 

carbon monoxide is recently confirmed by Chrisey et ah (1990). 
We can.... The ion-explosion model was introduced primarily to explain that 

the yield was proportional to the electronic stopping power squared. This model 
is used no longer by Brown and coauthors for frozen gases. 

p. 485. Another model.... This model was used for these two specific cases alone 
and is only occasionally quoted. 

The applicability.... See Sect. 3.3. 
Let us shortly.... See Sect. 3.2. 
p. 486. The data for the energy.... The list of spectra is extended in Sects. 3, 6 

and 7. 
When the atomic motion....Eq. (3) is written in Schou (1987) for atoms, which 

means that 1/4 is replaced by 1/2. The material constant A is identical for atomic 
and molecular particles, as long as the surface barrier for atoms is assumed to be 
Uo/2. 

p. 487. According to Rook.... The energy release is more complex than indicated 
here. See Pedrys et al. (1989) and Sect. 7. 

p. 488. Table 2.... The atomic electronic cross section is used. 
The cascade model....Strictly speaking, a thickness dependence may occur in 

cases, for which De(0) changes significantly over distances that are comparable to 
the range of repulsing (deexciting) target particles. Usually, the range of these eV 
(or sub-eV) particles is small. (See p. 490). 

p. 490. We have considered.... U0 is missing in the formula for A. 
p. 491. Ref. 15.... Brown et ah (1986). 
Ref. 29.... Øhlenschlæger et ah (1985). 
Ref. 38.... Schou et al. (1986). 
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NOTES TO PAPER 6 
Schou et al. (1987) 

The paper demonstrates that the characteristic diffusion length of the mobile 
excitations that lead to sputtering from solid argon during keV-ion bombardment 
is similar to the length determined from light MeV-ions. The first estimate of the 
diffusion length for the mobile excitations induced by particle bombardment of 
solid krypton is indicated. 

p. 609. In particular.... The results for MeV-ion bombardment of solid argon 
have been summarized in Reimann et al. (1988). 

p. 611. The thickness dependence of the yield.... This is described in Zimmerer 
(1987) as well. The probable value of the liberated energy E, is discussed in Sect. 
6. 

The precise type.... See the discussion in Sect. 6. 
The contribution.... In this estimate the partial yield from backscattered hy

drogen ioi's was assumed to be proportional to the electronic stopping power of 
the backscattered primaries, and the angular distribution was assumed to be a 
cosine-function. 

The present value.... Reimann et al. (1988) consider 230 Å as their best value. 
p. 612. Ref. 4.... Ellegaard et al. (1988). 
Ref. 17.... Ellegaard et al. (unpubl.). 
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NOTES TO PAPER 7 
Schou (1987) 

p. 188. The solidified gases.... The sublimation energy for solid hydrogen is 8.65 
meV, for solid tritium 14.8 meV ( Souers (1986)). 

Fig. 1 One may incorporate the solid hydrogens in the homonuclear diatomic 
ga;es in view of the many common features. (See Sect. 8). 

p. 189. Most....Films thinner than 50 Å have been irradiated as well. 
The overwhelming.... Since 1987 the emission of excited neutrals have been 

studied in many cases (See Sects. 5 and 6). 
Uj- to now.... Recent results have been incorporated in the text. 
The energy distribution Recent results have been incorporated in the text. 
Table 1 The data from Salt Lake City have been improved by Balaji et al. 

(1990) (See Table 2). 
p. 190. Particle-induced....Recent results have been incorporated in the text. 
p. 192. Let us now.... The £,~2-behaviour is not observed in cases for which 

a strong transition is dominant, e.g. for solid krypton and xenon ( Pedrys et ai. 
(1988) and O'Shaughnessy et al. (1988)). 

p. 193. Many of the results.... (See Sect. 3.2). 
The class of..... In the meantime an interesting study on the room-temperature 

insulator sulphur has been performed by Chrisey et al. (1988). 
For both.... The relaxation process described for nitrogen b simplified. 
p. 194. It is regrettable.The spectra are reported in Pedrys et al. (1989). 
Although most.... The ground state repulsion releases about 1.1 eV, the disso

ciative recombination 1.2 eV. Fig. 8 does not give the right numbers. 
p. 195. Fig. 9.-. The authors from AT+T recommend now a characteristic dif

fusion length of 230 Å ( Reimann et al. (1988)). 
p. 196. The similar increase.... The type of the mobile excitation(s) is not yet 

identified (See Sects. 5 and 6). 
p. 197. The magnitude of the yield ...Measurements of the energy distribution 

by Pedrys et al. (1988) and O'Shaughnessy et al. (1988) have confirmed that the 
energy release in xenon is approximately half of that in solid argon. 

However,....Hourmatailah et ai. (1988) found a large absorption rate at the 
surface for solid neon as well. 

The knowledge....A number of recent experiments close to the threshold have 
been included in the text (Sects. 5 and 6). 

Another important point.... A small peak for solid argon has been observed by 
O'Shaughnessy et al. (1988). 

p. 198. The latter considerations....Reimann et al. (1991) demonstrate that the 
W-band mainly originates from ejected excited argon molecules that decay outside 
the surface of the solid argon. 

Finally,.... Recent experiments close to the threshold are included in the text. 
p. 199. Ref. 42... Schou et al. (unpubl.). 
Ref. 61.... Boring et al. (1987). 
Ref. 63.... Pedrys et al. (1988) and Ellegaard et al. (unpubl.). 
Ref. 64... Schou et al. (1987). 
Ref. 67.... Ellegaard et al. (1988). 
p. 200. Ref. 75.... Urbassek and Michl (1987). 
Ref. 90.... Børgesen et al. (unpubl.). 
Ref. 92.... Reimann et al. (1988). 
Ref. 94.... Will not be pub'ished. 
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NOTES TO PAPER 8 
Ellegaard et al. (1988) 

This paper contains the first systematical results for electron-induced sputtering 
of solid argon. 

p. 305. Sputtering measurements.... Recent results are included in the text 
(Sects. 5-6). 

The primary particles....Recent results for the composition and energy distribu
tion are included in the text. 

There are many reasons.... Ref- 17 should be replaced by 18 and ref. 18 by 19. 
p. 306. The release of energy....This is discussed in detail in Sect. 6. 
Fig. 2—.In Schou "t al. (1984) it was demonstrated that the beamspot covered 25 

per cent rather than II per cent of the electrode area. This has been incorporated 
in the figure. 

p. 307. Pig. 3-..The fact that the experimental points lie somewhat above the 
calculated curves may indicate that the "excess yield" is caused by electrons 
backscattered from the silver substrate. The reflection coenicient is slightly larger 
for silver than for solid argon. 

p. 308. Finally...This reduction of the yield because of impurities was utilized 
by Schou et ri (1988). 

The important quantity.... Es = 2.3 eV according to the text (Sect. 6). 
We have applied One notes that the agreement between the curve for 200 

k and the experimental points becomes better, if the surface binding energy is 
increased or the source energy E, reduced. 

An alternative....Reimann et al. (1988) indicate that E, is about 2 eV. 
The value....Reimann et al. (1988) recommend a diffusion length of 230 A. 
p. 311. Ref. 7. Schou et al. (1988). 
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NOTES TO PAPER 9 
Schou et al. (1988) 

This paper gives a direct example of simultaneous contributions from knockcn 
and electronic sputtering of solid argon. 

p. 809. The results agree....These spikes are discussed in Sect. 3.2 
At energies.... An important example is electronic sputtering of sulphur demon

strated by Chrisey et al. (1988). 
The luminescence....A comprehensive report is given in Reimann et al. (1988). 
The energy releasing process.... The peak in the energy distribution is observed 

by O'Shaughnessy et al. (1988) as well. 
Reimann et al The energy release as well as the importance of the threshold 

are discussed in the text (Sect. 6). 
p. 810. There are obvious....This paragraph is discussed in Sect. 3.4. 
No systematic... Error! "above" should be replaced by "below". 
p. 811. The thickness dependence....Actually, Ref. 11 gives a value of 190 Å 

for the characteristic diffusion length. 210 Å is a representative value for several 
groups (Schou (1987)). The thin-film enhancement is described in Sect. 4. 

p. 812. This interpretation....The influence of impurities is discussed as well by 
Reimann et al. (1988). 

The knockon yields....The yields from nonoverlapping subspikes are a factor of 
two larger than those from linear collision-cascades according to the calculations 
by Ellegaard et al. (1J90) and (1991). This contribution explains partly, why the 
knockon yield is so large. 

The energy dependence....The magnitude of the energy release from the deex-
citation process in solid neon is not yet completely clarified (Sect. 5). 

Fig. 5....The energy dependence of the yield as well as the stopping power for 
protons incident on solid argon is shown in Fig. 8 in Sect. 6. 

p. 813. Fig. 6....The efficiencies on p. 812 were determined from the stopping 
powers by Lindhard and coauthors. Once the efficiency is fixed at the value for 7 
keV, the energy dependence is determined from the assumption that the stopping 
power is proportional to the energy. 

p. 812. The high yield.... The stopping power for protons in argon from Andersen 
and Ziegler (1977) is almost twice as large as that from Lindhard and coauthors. 
For protons in neon the stopping power from Andersen and Ziegler (1977) is about 
a factor of 1.5 smaller than that from Lindhard and coauthors. 

p. 813. The present experimental....The recent results from the same group (35 
Ar/4He+) reported in Balaji et al. show very good agreement with the present 
results. 

p. 814. Ref.4....Kloiber et al. (1988). 
Ref.9....Ellegaard et al. (1988). 
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NOTES TO PAPER 10 
Stenum et al. (1989) 

The paper contains the first luminescence study of features from a solid hydrogen 
isotope in the visible and near UV range. The observations have not provided us 
with strong guidelines for the deexcitation channels in the solid hydrogens, but 
have shown us that the intensity of the luminescence in the observed range is weak 
compared with other frozen elemental gases except solid oxygen. 

p. 235. Erosion....Brooks (1986) investigated solid deuterium and hydrogen. He 
observed only features in the luminescence spectrum induced by oxygen and ni
trogen impurities. 

The intention....A relatively strong peak from solid deuterium around 800 nm 
was reported by Stenum (1991) and Schou et al. (1991). 

The experimental setup....In Schou et al. (1991) and Stenum et al. (1991c) the 
setup was modified. The photomultiplier Valvo XP2020Q was replaced by a water-
cooled Hamamatsu R943-02 that extended the sensitivity range up to 800-900 nm. 
The setup is shown in Sect. 2 and in Schou et al. (1991). 

p. 237. A luminescence....The peak around 450 nm is assigned to impurities on 
the substrate surface for the moment. The peak at 275 nm is definitely assigned to 
an intrinsic feature in solid deuterium and has been observed by Giirtler (unpubl.) 
as well recently. There is no complete evidence for the assignment to the DJ-line 
yet. 

In fig. I.e....This peak around 360 nm is probably the ND-transition and has 
been observed also by others (Dressier (unpubl.)). 

In fig.2....This minimum in the yield is shown in Fig. 12 in Sect. 8. 
The erosion yield....Recently, this effect on the yield from impurities has been 

observed also for xenon-impurities in solid deuterium (Stenum et al. (unpubl.)). 
The explanation based on the reduced heat capacity is not yet established. 
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NOTES TO PAPER 11 
Stenum et al. (1990) 

The paper demonstrates that it is possible to determine a "bulk" yield for solid 
deuterium bombarded by hydrogen ions in contrast to the yield for electron bom
bardment. Furthermore, it is shown that the range of the thin-film enhancement 
depends markedly on the ion energy. 

p. 530. The major difficulty....An improved value of the sublimation energy, 8.65 
meV/moIecule for solid hydrogen is given in Table 3. 

The analysis....Measurements of the energy dependence of the sputtering yield 
demonstrate that the sputtering is dominantly electronic (Stenum et al. (1991a), 
(1991b) and (unpubl.)). (See Sect. 8). 

The present work....The measurements by Børgesen (1982) and Børgesen et al. 
(1980) were performed without a beam sweep arrangement, and the yield exceeded 
the present one by a factor of two. 

Actually, the yield obtained by Erents and McCracken agrees quite well with 
the present yield for 2.3 keV/H (7 keV Hj-ions). 

p. 532. The yield for thick films....The analysis is performed in Sect. 8. 
The strong enhancement....See Sect. 4. 
p. 533. Ref. 17....Børgesen et al. (unpubl.). 
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NOTES TO PAPER 12 
Ellegaard et al. (1990) 

This paper gives the first systematic presentation of sputtering results that are 
explained on the basis of a subspike mechanism. 

p. 459. In the present work ...Garrison and Johnson (1984) introduced a model 
for a mini-thermal spike, which essentially is identical to the subspike presented 
here. However, the authors did not derive their expressions, but the dependence 
on the surface binding energy Uo is similar to that in Eq. (7). 

p. 460. The present model....Strictly speaking, no fitting parameters were ap
plied, but a number of parameters were taken from the literature. ( See p. 463. 
The effect of heat loss...) 

Fig. 2....Balaji et al. (I990) have published results for 4He+-ions incident on 
neon as well. Their values are considerably larger than ours, but the primary 
energy was from 0.5 to 5 keV. In addition to the low energy, the procedure for the 
film deposition was somewhat different. 

p. 462. Combining....The corresponding expressions for hi and h for the Kr-C 
potential are given in Ellegaard et al. (1991). 

p. 464. Ref.lO....Pedrys (1990) 
Ref.21....Ellegaard et al. (1991). 
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Abstract. We present the first experimental results on electron-induced erosion of solid 
neon. The measurements are interpreted qualitatively within a new model invoking 
excitation transport by free excitons and their subsequent decay at the surface. The model 
accounts for the magnitude of the observed yield and the energy dependence. A theoreti
cally predicted decrease in the erosion yield due to doping with a heavier rare gas, in casu 
argon, has been observed experimentally. The strong influence of very small amounts of 
different types of impurities makes sample purity a crucial problem in investigations of the 
erosion of solid rare gases. 

PACS: 79.20.-m, 61.80.-x, 71.35. +z 

The erosion of condensed gases by energetic charged 
particles has been studied intensively during the last 
years. In part, this is due to the importance of this 
effect in technological problems such as cryopumping 
in radiation environments and in astrophysical prob
lems such as the shaping of planetary surfaces. 
Amongst the gases studied by ion-induced erosion are 
H 2 0 [1-3], UF4 [4-5], the hydrogens [6], and the 
rare gases: Ar [7], Kr and Xe [8-10]. For solid neon 
only one data point (1.5 MeV He-ions) exists [10]. 
Electron-induced erosion has been studied intensively 
for the hydrogens [11], but little is known for the other 
gases [1,8]. 
Various models have been put forward to explain the 
erosion of condensed gases, but there is at present no 
generally accepted mechanism for any of the gases 
studied. The main problem is how energy is transferred 

* Present address: Max-Planck-lrutitut fur Plasmaphysik. D-8046 
Garching bei Miinchen, Fed. Rep Germany 

from the electronic system (i.e. from the initial exci
tations and ionizations and the kinetic energy of 
secondary electrons) to the atomic motion that is 
necessary to explain the erosion. One should, however, 
not expect that one universal mechanism may explain 
erosion for all condensed gases as the constituents are 
widely differing in, e.g., the possibility of internal 
excitations (vibration and rotation). The rare gases are 
unique in this respect as the atoms are almost unper
turbed in the very lightly bound solid state. 
We first report on erosion experiments for pure solid 
neon using 1-3 keV electrons. Measurements like these 
complement experiments on ion-induced erosion and 
may serve to illucidate the above mentioned energy 
transfer mechanism, since essentially all the energy of 
the electrons is initially deposited in the electronic 
system. It is found that our data for the erosion of pure 
neon may be explained quite well within a new model 
for erosion of rare gas solids. This model invokes 
excitation transport through the target by excitons 
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(essentially bound dimers) that through their deca> at 
the surface may allow one of the constituent atoms to 
escape from the target. 
The model predicts quite significant effects of even very 
small amounts of impurities in rare gas solids. This 
provides us with a possibility for testing the validity of 
the model. The effect has been studied experimentally 
for electron-induced erosion of a dilute neon-argon 
alloy. 

I. Experiments 

The basic experimental set-up [12] as well as the 
method employed in erosion measurements 
[11,13.14] have been described in detail previously. A 
more thorough investigation of the application of this 
method to Ne erosion will be published in the near 
future [15]. We shall here briefly outline the 
principles. 
A film of solid Ne is produced by letting a jet of cooled 
gas impinge on a gold plate cooled to ~4.2 K below a 
liquid helium cryostat. The gas inlet system has been 
carefully calibrated, and the film thicknesses are know n 
to within 5-10°o [13.14]. In the case of doped gases we 
have no direct control of the composition of the 
actually deposited material, but it is estimated that 
relative dopant concentrations are known within a 
factor of 2-3. 
Beams of 1-3 keV electrons are obtained from a small 
electron gun, and swept horizontally and vertically by 
two independent sawtooth voltages over a 2 mm aper
ture in front of the target, thus ensuring homogenous 
irradiation of the target area. The substrate is heated 
by the incident electron beam, but care is taken to keep 
the temperature well below 6 K, where the erosion is 
insensitive to substrate temperature. 
The target plate is electrically insulated from the 
cryostat, and during irradiation the target current i, 
will generally differ from the true beam current ib 

because of emission of secondary and reflected elec
trons (and possible ions). A negative bias of - 50 V 
applied to a very open grid in front of the target 
will suppress almost all secondary electron emission, 
whereas most reflected electrons still have sufficient 
energy to escape. Comparing the resulting target cur
rent /', to the true beam current ib measured in a 
Faraday cup we may then define an "electron re
flection coefficient" r\ by 

i,--(\~r,)-i„. (1) 

A possible ion emission [15] will not disturb our 
exploitation of the relation between rj and film thick
nesses. For normal incidence of keV electrons on pure 
gold the reflection coefficient r\ is of the order of 40?*>, 

whereas it is less than 20 "u for bulk Ne. For film 
thicknesses less than half the electron range. »/ de
creases almost linearly with thickness, from the value 
for pure gold down to that of neon. Upon continuosly 
measuring i, (and thus ij) during irradiation, we may 
therefore easily determine the incident beam fluence D0 

necessary to erode away a given Ne film [13-15]. 
The erosion yield Vis now determined from measure
ments of D0 for various initial film thicknesses x0. 
Under the reasonable assumption that the instan
taneous erosion yield y(x)at thickness x is independent 
of prior erosion, it is simple to show that 

where N is the number density. The film thicknesses 
are determined in terms of area densities (e.g.. atoms' 
cm2), but for consistency with optically measured 
lengths, they are converted to length units (e. g.. Å). 
using the bulk density. 
It is then found that for film thicknesses above 
- 735 Å. the erosion yield Y equals the slope of a 
straight line. i.e. is independent of film thickness. As 
this holds at least up to ~6000Å (which is considera
bly above the projectile range) we interpret this as the 
"bulk" erosion yield for solid Ne. Because there are 
indications [15] that the erosion yield is larger for thin 
films (~ 100 Å) than for bulk Ne, we may not de
termine absolute erosion yields from measurements on 
only one film thickness. 
The erosion of solid Ne seemed to be very sensitive to 
the presence of small concentrations of impurities, even 
well below the per cent level. Almost all contaminants 
are considerably less volatile than Ne, and could thus 
be excluded by simply cooling the gas inlet sufficiently. 
Contamination with H2 and D2, which are frequently 
used in our set-up, was avoided by. e.g.. heating the 
whole system to room temperature prior to experi
ments with neon. 

2. Exciton Decay Model 

Most of the condensed-gas erosion experiments have 
been performed with swift charged particles (of ve
locity >e1/h) that deposit most of their energy in the 
electronic system of the target. However, erosion re
quires that part of this energy be transferred to atomic 
motion. Coulomb repulsion between ions created at 
nearby lattice sites has been invoked as a means for 
such energy transfers [16-18, 1]. This model requires 
that the electrons ejected from the track of the primary 
particle be trapped away from the track: this is hard to 
justify for the closed-shell rare gases [7. 19]. 
Alternative models exist [20, 5], 
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Mere, a different approach is taken. The discussion 
applies to argon, krypton, and xenon and with some 
qualifications given later to neon. It is well known that 
following charged particle irradiation of a rare gas 
solid, luminescent light is emitted in the vacuum-uv 
region [21,22]. The luminescence spectrum is very 
similar to the gas phase emission spectrum. Both of 
these are, in turn, similar to the solid and gas phase 
absorption spectra, except for a red-shift (Stokes shift) 
of some eV between absorption and emission. Because 
of these similarities the luminescence is ascribed to 
excitons [22], i.e., excited dimers, ArJ, etc., trapped in 
microscopic cavities in the solid. The Stokes shift is due 
to an efficient vibrational relaxation of the excited 
dimer leading to the trapping of the excitation on the 
picosecond time scale. Subsequently, these exitons 
decay radiatively (with a ns-/is lifetime dependent 
on the relative orientation of the spins) to the repulsive 
ground state. This repulsion imparts ~ 1 eV of kinetic 
energy to eaoi of the two atoms. 
Close inspection of the luminescence spectrum shows 
emission from vibrational^ excited, mobile excitons, 
albeit with a low intensity relative to the emission from 
trapped excitons (< 10"2). From this, a characteristic 
trapping time t ~ 1 ps has been deduced [22] in good 
agreement with theoretical estimates [23], The motion 
of the excitons prior to trapping is generally described 
as diffusive, with a diffusion constant £> — 1 cm2/s [22]. 
The key experimental quantity is the exciton diffusion 
length, / 0 s(Dr)"\ which from, e.g., photoemission 
experiments is found to lie between 100 A and 200 A 
for the heavier rare gases [24]. 
Excitons have been invoked previously in the expla
nation of electron-induced erosion af alkali halides by 
Townsend and collaborators [25]. Lately, Johnson 
and Inokuti [19] have considered excitons in rare gas 
solids with the main emphasis on the energetics of the 
energy transfer mechanism. 

We suggest a new model for the erosion of condensed 
rare gases. Details will be given in a forthcoming and 
more extensive publication [26]. The key point is that 
enough free excitons may reach the surface prior to 
possible trapping to account for the observed erosion 
yield through their radiative decay at the surface. The 
model then consists of three steps: 
/) production of the excitons by the primary charged 
particle, specified through a production cross section 
o; 
2) exciton transport to the surface, described by the 
diffusion length l0\ 
3) emission of rare gas atoms from the surface through 
the radiative decay to the repulsive ground state, 
controlled by an emission probability p that depends 
on the available energy and the surface binding 
forces. 

The erosion yield of a thick (bulk) target may therefore 
be written 

yx=jv<x/oP, (3) 

where N is the number density. The dependence of 
the yield on the target thickness, as observed for, 
e.g. Ar [7], can also be accounted for [26]. A general 
discussion of the pertinent cross sections and emission 
probabilities will be given later. We shall restrict 
ourselves here to an application of the basic ideas to 
neon erosion. 
The properties of excitons in neon differ in two ways 
from those described above for excitons in the heavier 
rare gases. From luminescence experiments it is known 
[27] that the major fraction of excitons in neon are of 
an atomic type, corresponding to an excited atom Ne*. 
which does not contribute to the erosion in the present 
model. The "molecular" excitons NeJ of interest here 
account for a minor fraction /~0.35 of the total 
luminescence intensity. Furthermore, these "mole
cular" excitons are all essentially free as they decay 
radiatively before they can be trapped [28]. 
Consequently the exciton diffusion length in neon 
should be considerably larger than in the heavier rare 
gases. 

The above model may be used to predict absolute 
erosion yields from independently measured data 
(cross sections and diffusion lengths). Furthermore, the 
close relation to optical experiments enables us to 
make a quite crucial test of the basic assumptions. 
From luminescence experiments on dilute alloys, it is 
known [29,24,22] that doping with a heavier rare gas 
causes a strong quenching of the host exciton lumines
cence. Instead, light characteristic of the guest is 
emitted. The experiments are interpreted through an 
efficient excitation transfer to the guest leading to a 
reduced exciton diffusion length for the host excitons. 

3. Results and Discussion 

The bulk erosion yield Y^ of neon was measured for 
1.2-3 keV electrons (Fig. 1). The yield decreases Dy a 
factor of almost two over this energy range, scaling 
with the Bethe electronic stopping cross section, S, 
[30]. Various erosion models predict a scaling with S^ 
where n g 2 [1, 5, 17, 18], and may thus be excluded in 
the present case. 
The observed energy dependence is in quite reasonable 
agreement with (3), as the exciton production cross 
section a is expected to have the same energy variation 
as the stopping cross section. For an ev luation of the 
absolute magnitude of the erosion yield, a simple 
estimate of the cross section a for the production of 
"molecular excitons" is 

a^f-ZJW, (4) 
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Fig. 1. The bulk erosion yield YM versus the primary electron energy: 
(O) experimental yield; ( ) electronic stopping cross section 
normalized to the three experimental points. ( ) theoretical yield. 
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Fig. 2. The electron fluence Dt necessary for the erosion of 870 Å 
argon-doped solid neon versus the argon content in the film. The 
neon film was deposited on a gold substrate. The arrow indicates the 
level for a very low argon content (< 10"*). The fluence for erosion 
of a pure Ne-film is shown as well 

where W(s35eV [31]) is the energy required to make 
an ion-pair neon. A small positive correction may 
enter for excitons produced through excitations rather 
than ionizatons but it will be ignored here. 
Prom (3) and (4) we have calculated the theoretical 
erosion yields using the experimentally measured dif
fusion length /„a2500Å (±500Å) [29]. The result is 
shown in Fig. 1. In the calculation, the upper limit, 
p= 1, for the emission probability has been used. 
In view of the large uncertainty of the experimental 
exciton diffusion length, the agreement between experi
ment and theory is surprisingly good. 
As discussed in the previous section, a small con
centration of impurities in the neon target will signif
icantly reduce the excition diffusion length and thereby 

the erosion yield, see (3). From optical measurements 
[24.29]. it may be estimated [26] that the diffusion 
length in neon with argon added at a relative con
centration of. say. c~10"J is K0.3fo. It is therefore 
expected that the erosion yield will be reduced by the 
same factor. 
This has been investigated experimentally for a few 
film thicknesses with various concentrations of argon. 
As even very small impurity concentrations were 
found to produce a significant effect, great care had to 
be taken in controlling the target. We have, therefore, 
not measured at sufficiently many thicknesses to be 
able to determine absolute values of the erosion yield 
for the various impurity concentrations. However, the 
effect is clearly demonstrated from measurements of 
the total beam fluence D0 necessary to erode away a 
given film thickness (Fig. 2). Of course, one shoMd 
expect D0 to tend towards the value for pure neon for 
minute concentrations of argon. The arrow in Fig. 2 
indicates the fluence D0 determined for very small, but 
not well known impurity concentrations. The measure
ments were performed on otherwise pure neon films 
which were contaminated by impurities from the target 
chamber, e. g., argon from previous runs. 

Conclusion 

Experimental results have been presented for electron-
induced erosion of solid neon in the energy range 
1 keV — 3 keV. The energy dependence and magnitude 
of the erosion yield can be accounted for within a new 
.iiodel for the erosion of solid rare gases. From the 
model, one predicts a decrease in the erosion yield for 
films doped with a heavier rare gas. The magnitude of 
this effect has been confirmed experimentally for 
argon-doped neon. 
Further details on the model and its extension to 
erosion by MeV ions, as well as a more complete 
description of the experiment will be given in forth
coming publications [26,15]. 
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Two experimental methods for measuring the erosion yield of condensed gases are described. One. the frequency-change method, 
utilizes a quartz-crystal microbalancc operating at liquid-helium temperature. The other, the emissiviiy-change method is based on the 
strongly varying electron emission as a function of the condensed-gas film thickness. Satisfactory results have been obtained for both 
methods for solid Ne and D2 at electron energies up to 3 keV, and the mutual agreement is good as well. Accurate measurements are 
affected critically by the beam conditions, particularly if the erosion yield depends on the film thickness. The erosion yield has been 
measured for dominant electron sputtering of solid Ne ( « 28 Nc-aioms/electron) as well as for beam-induced evaporation at 2 keV. 
In the latter use a clear lateral broadening of the erosion spot is observed. 

I. Introduction 

The erosion of condensed gases by tons, predomi
nantly light MeV ions, has been studied intensively 
during the past years [1-3]. The corresponding data for 
electron bombardment [4-9] are far less comprehensive 
and generally much more uncertain, because such mea
surements of erosion yields are somewhat inhibited by 
the few available methods for delecting erosion. 

Erosion of surfaces of condensed gases plays an 
appreciable role in interstellar and planetary atmo
spheric problems [10.11]. In technological problems such 
as cryopumping in radiation environments [12] the phe
nomenon has also turned out to be important. A partic
ular case is the study of the erosion of solid hydrogen 
isotopes by keV electrons (4,5,9] and tight ions [5,13] 
which is aimed at understanding the behaviour of a fuel 
pellet in a fusion plasma {14,15]. However, the men
tioned lack of electron erosion data is serious, since 
electron bombardment is just as frequent as ion 
bombardment in many of these areas. 

Most of the experiments to date have been made 
with ions, and the results typically exceed the estimates 
of "standard" sputtering theory [16] by several orders of 
magnitude. In particular, the erosion of thin films of 
solid H2 by keV light ions has resulted in yields of the 
order of lO'-lO5 molecules per ion (4,5,9]. There is little 
doubt that the large erosion yields for the condensed 
gases are essentially caused by the energy initially de
posited in electronic excitations. In addition, there may 

* Present address: Max-Planck-lnstilui for Plasmaphysik, D-
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be a significant contribution from nuclear stopping for 
sufficiently low keV ions. Various models, more or less 
related to electron stimulated desorption [17.18], have 
been presented in an attempt to explain how this energy 
is transferred to atomic motion [1-3]. 

Measurements of electron sputtering complement 
erosion experiments with light MeV ions, since in both 
cases essentially all the incident energy is deposited 
initially in the electronic system. In fact, electron irradi
ation extends the regime of electronically deposited 
energy to low energy densities which are virtually 
impossible fo reach with light MeV ions. Below we shall 
describe two methods, which we have used with success 
for the determination of erosion yields, e.g. electron 
sputtering yields as well as yields during beam-induced 
evaporation. 

If the film to be eroded is deposited on an oscillating 
quartz crystal, we may observe the erosion directly in 
terms of the frequency change or weight loss versus 
irradiation lime. This method has obvious advantages, 
but is somewhat limited in sensitivity. Furthermore, it is 
difficult to control the temperature of the crystal surface 
with accuracy during such a measurement. 

Sensitive measurements are possible if the film is 
deposited instead on a metal substrate with a secondary 
electron emission coefficient unlike that of the film. The 
variation of the total secondary electron emission or 
electron reflection coefficient from the target during 
irradiation may then be used to indicate when the film 
has been eroded away. This emissiviiy-change method is 
sensitive to even very small film thicknesses, and has 
actually bern exploited previously 10 indicate the 
sputtering of .he oxide layer on an Al-target (19]. 
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These two methods have been used, at limes simulta
neously, for measuring the erosion of solid H,. D,. HD. 
Ne, Ar, CO, 0 2 . N2 as well as various gas mixtures, by 
keV electrons. The erosion of solid neon was studied 
intensively. Apparently, there is no large effect of the 
film thickness on the erosion yield, and neon is particu
larly suited to erosion measurements on the quartz 
crystal. Results from solid neon were utilized to check a 
theoretical model for charged-particle erosion of solid 
rare gases as well [20]. Within this model the erosion 
yields are calculated on the basis of independent optical 
data [21], and a critical test was the observation of a 
predicted, significant effect of even very small amounts 
of impurities. 

The present work supplies the first full description of 
a method for measuring electron-induced erosion via 
secondary emission (current measurements). Further
more, we present the first results of measuring directly 
the erosion of condensed gas films by means of a 
quartz-crystal microbalance. A comprehensive presenta
tion of the results for the different condensed gases will 
be communicated later [22-24]. 

2. The experimental set-up 

The experimental set-up will be described in some 
detail. It is a rebuilt and extended version of the original 
one [25] that was used for incidence of ions and elec
trons on condensed gases [26,27]. 

A schematic drawing of the target region of the 
set-up is shown in fig. 1. Fig. 2 shows how the interior 
of the set-up is altered when the target plate is replaced 
by a quartz-crystal microbalance. The target region is 
located below the bottom of a liquid helium cryostat 
and limited by two shields affording protection against 
thermal radiation; only the shield at liquid helium tern-
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Fig. 1. Schematic drawing of the target region of the experi
mental sei-up. 

Fig. 2. The modified target region with the quartz crystal. 

perature is shown. An electron beam from a small 
electron gun mounted on a tube on the side of the 
vacuum chamber enters the target region through small 
holes in these shields. The beam can either hit the target 
perpendicular to the surface or be deflected by a set of 
deflection plates placed just outside the radiation shields 
so that it enters a Faraday cup. 

A film of solidified gas is produced on the target 
plate or on the quartz crystal when a jet of cooled gas 
impinges on it. The film may be rapidly removed just by 
heating the target plate with an electrical heater. The 
gas comes from a 4-liter reservoir, and it enters the 
target region through the gas tube shown. The gas tube 
is heated sufficiently at the low-temperature end to 
allow passage of the gas. During measurements on 
hydrogen isotopes the liquid helium is cooled to below 
2.5 K by pumping, while it is held at the normal boiling 
temperature of 4.2 K for work with other gases. The gas 
inlet rate is determined by the setting of a needle valve 
and by the pressure in the reservoir. 

The gas inlet system was calibrated by means of the 
quartz-crystal microbalance placed in a simple crystal 
holder at the target position. The thickness of the film 
deposited on the target plate (fig. 1) may then be known 
with an accuracy of 10%. 

The vacuum pressure is measured at a tube placed 
on the side of the vacuum chamber. Normally ii is less 
than 2 x 10"* Torr with a cold cryostat. and a film will 
thus remain uncomaminated for a long period [25]. 

The target plate is electrically insulated from the 
cryostat so it can be used for collecting the electron 
beam. The current collected will depend on the number 
of secondary electrons and reflected electrons emitted 
from (he target plate, and (his number can be controlled 
by means of a grid placed in front of the target plate. 
The true beam current is measured by deflecting the 
beam into the Faraday cup. The target region and (he 
Faraday cup are both located inside an electrically 
grounded Faraday cage (fig. 1). Grid, cup and cage are 
all heated to temperatures sufficiently high to prevent 
the gas from condensing on them. In this manner we 
attempt to minimize disturbing effects from areas thai 
may charge up. A certain heating is needed in (he target 
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region, depending on the gas used, and thus only a 
limited number of gases can be handled in the present 
state of the set-up. The modified set-up with the quartz 
crystal (fig. 2) is constructed in a similar way. 

2.1. Irradiation on an ordinary target plate 

A number of erosion measurements were performed 
with a metal substrate. In most cases a polished gold 
plate was used as target plate (fig. 1). However, for a 
few measurements a copper plate covered with a carbon 
layer of about 100 jig/cm2 was utilized as a carbon 
substrate. 

With these substrates only the emissivity-change 
method was applied for determination of the erosion 
yields. 

2.2. Irradiation on the quart: crystal 

The quartz-crystal is an ordinary commercial AT-cut 
crystal of the type used for measurements of film thick
ness at room temperature (25.28). The oscillating crystal 
itself is a disk of 14 mm diameter and 0.3 mm thickness 
cut from a single crystal. Two silver electrodes of 6 mm 
diameter are placed in the centre on the two sides of the 
crystal. The resonance frequency for the crystal is around 
S MHz, and the crystal has an orientation such that the 
resonance frequency is nearly temperature independent 
around room temperature. Below 250 K the frequency 
will decrease with decreasing temperature and below 10 
K the frequency will again be temperature independent 
(29). The crystal is actually an excellent thermometer 
between 10 K and 250 K.. The crystal should only be 
used for erosion studies at temperatures where the reso
nance frequency is temperature independent. 

Here we place the crystal by means of two springs in 
a holder similar to a room temperature holder and 
mount it below the cryosiat at the target plate position. 
The springs are attached to the holder with platelets of 
KCI or sapphire, both of which are good heat conduc
tors at these low temperatures. The thermal contact 
between the springs and the crystal itself is improved 
with droplets of electrically conducting lacquer [25]. The 
deposit on the crystal is limited to a spot of 6 mm 
diameter by means of an aperture placed right in front 
of the crystal. A carbon thermometer and an electrical 
heater are placed on the crystal holder. The oscillator 
circuit is placed right outside the vacuum system and 
connected to the crystal by a doubly shielded cable, 
through which 'he target current is collected as well. 

The ring aperture in front of the crystal is insulated 
from the shield and may be biased in order to suppress 
the emission of low-energy secondary electrons from the 
target. During erosion measurements the shield and the 
ring are heated to avoid gas condensation. 

Thus the beam limited by means of a 2-mm diameter 

aperture only erodes the central pari of the condensed 
gas. i.e. all the electrons thus hit the film. 

The thickness of the silver electrodes is 4000 Å which 
exceeds the range of our most energetic electrons (30). 
For our purpose the substrate thus corresponds to one 
of silver alone. 

The substrate is heated when hit by an eroding 
beam. The heat conduction from the substrate through 
the quartz crystal and the crystal holder and further on 
to the cryostat bottom is rather poor. The quartz crystal 
target is therefore heated more than the normal target 
plate by a beam. 

The effect of thermal gradients on the frequency has 
been reported in the literature [28], but we have at most 
observed a frequency shift of one-two Hz when the 
crystal area has been irradiated with the present current 
beams. 

At temperatures below 10 K the frequency is nor
mally quite stable, i.e.. within one-two Hz when the 
crystal is unloaded. There may. of course, be a small 
frequency drift of a few Hz during a working day 
mainly because of rest gas leaking in from the vacuum 
space outside the radiation shields. This should be com
pared to a typical film deposition corresponding to a 
frequency increase of up to more than one thousand Hz. 
The subsequent erosion would then lead to a frequency 
change of more than several hundred Hz. 

The stability of the frequency during an erosion 
measurement is critical for a successful determination of 
the frequency shift. When we remove a film or the last 
remnants of an eroded film by heating the crystal, we 
normally see that the frequency returns to a value close 
to that measured before the film was deposited. In this 
way any frequency drift is immediately observed. The 
stability of the frequency was good also when the crystal 
had been cooled to the low temperature several limes. 

It was controlled as well that the mass increase per 
frequency unit for a deposited film is the same at room 
temperature and at liquid helium temperature. A silver 
film, giving a frequency change of around 5 kHz. was 
deposited at room temperature, and it was then seen 
that the change at 4.2 K was the same within 1 Hz 
[9,31]. 

Besenbacher et al. attempted to measure ion-induced 
erosion yields of solid argon by using a similar crystal as 
a target for a light ion beam at energies from 0.1 to 3 
MeV [32,33]. They observed that the thicknesses de
termined by Rutherford backscattering analysis were 
systematically about 20% larger than those determined 
by the frequency shift at the quartz crystal during ion 
bombardment. The authors suggested that the penetra
tion of MeV ions through the electrode and into the 
quartz would influence the accuracy of the crystal. This 
phenomenon does not occur with our present electron 
beams because the electron range is shorter than the 
thickness of the electrodes. 
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2.3. Beam sweep and beam optics 

Beams of 0.5-3 keV electrons are obtained from a 
small electron gun placed directly on a side tube to the 
target chamber. The distance from the filament to the 
target area is approximately 0.4 m. 

During erosion measurements the electron beam was 
well focused and then swept horizontally and vertically 
by two independent saw-tooth voltages over a 2-mm 
aperture in front of the target. This ensures a homoge
neous irradiation of a large fraction of the target area if 
only the sweep system is ideal and the amplitudes 
sufficiently large to deflect the beam totally outside the 
aperture (9). The latter was easily checked by measuring 
the target current i, as a function of sweep voltage. The 
sweep voltages were applied to the two sets of deflection 
plates on the gun. Then, it was possible to deflect the 
swept beam by means of the last deflection plates 
before the target chamber, so that it was swept over the 
Faraday cup instead. The opening of this cup was also 
covered by a 2-mm aperture, so that the average values 
of cup current and target current may be compared 
directly. 

Typical currents used for erosion measurements were 
from 30 nA to 300 nA, corresponding to a current 
density of a few pA/cnv1. 

For a precise determination of the sputtering yield 
the extension of the eroded area is required (cf. sect. 
3.1). It has, therefore, been important to determine the 
area of the irradiated spot. 

The area of the irradiated spot is determined essen
tially from the beam geometry. The beam path is shown 
schematically in fig. 3. We assume the beam to be 
ideally focused in the aperture in front of the target, and 
that the deflection caused by the sweep voltage takes 
place only in the deflection plane at the electron gun. In 
the plane the beam has a width a determined by the exit 
aperture of the gun. The aperture with diameter d in 
front of the target has to be placed at some distance 
from the target in order not to disturb the gas jet (fig. 
1). This results in a beam spot consisting of a fully 

irradiated central zone and a partially irradiated edge 
zone. From this model one obtains the width D of the 
central zone: 

D-(dL-al)/(L-l). (1) 

L and / are the total distances, respectively, from the 
deflection plane and aperture to the target. The width of 
the edge zone is 

SD/2-al/(L-t). (2) 

In our geometry (a - 1.6 mm, / « 38 mm. L — 200 mm. 
and </- 2.08 mm) it means that D and AD/2 are 2.2 
mm and 0.4 mm. respectively, and that the area of the 
edge zone is almost just as large as the area of the 
central zone. Within this model the total beam spot 
covers about 25% of the film deposition area on the 
quartz crystal. This estimate of the beam spot is some
what uncertain because of both the non-negligible width 
of the beam at the aperture and edge scattering. 

An attempt to determine the beam spot directly was 
performed ?s well. A brass sample covered with a thin 
layer of grease was irradiated in the same geometry at 
several electron energies from 3 to 1.2 keV. A slightly 
darkened spot occurred after an irradiation period of 
some hours. The area was measured, and it turned out 
that the beam spot covered 25% of the film deposition 
area for the quartz crystal at 3 and 2 keV. and 22? at 
1.5 and 1.2 keV. This area determination can be re
garded only as approximate, since the threshold fluence 
for making a visible change in grease probably is larger 
than a measurable erosion on the volatile condensed-gas 
films. 

According to the model for the beam optics, the 
relative contribution from the edge zone becomes small, 
if the distance from the electron gun to the target is 
increased substantially (sec eq. (2)). However, this leads 
to a considerably more uncontrollable electron beam 
path than in the present set-up. The resulting loss of 
intensity might be critical for measurements on the least 
volatile molecular solids. 

§ TARGET APERTURE DEFLECTION PLANE 

Fig. ) . Schematics of the beam geometry 

3. Performance of the measurements 

Usually, the measurements were made in a three-step 
procedure: 1) The beam was optimized, the beam set-
ling controlled and the current ib was determined. 2) the 
erosion was followed by the emissivity-change method 
or by the frequency shift of the quartz-crystal microbal-
ance, and 3) the beam current was controlled after the 
erosion. 

The beam setting with the beam sweep turned on 
was controlled by measuring the ratio of the currents 
collected from the target with a negatively biased grid to 
that from the cup (cf. sect. 3.1). Since every solid has a 
characteristic, generally well-known electron reflection 
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coefficient «• J34.35|. this means that an uncorrect beam 
setting could be improved before the film deposition. 

The beam current »as normally fairly constant. Any 
beam drift was partly compensated by a numerical 
procedure during the dan analysis. 

The erosion yields were measured mostly below the 
temperature regime, in which the yields increase with 
temperature |32.36|. In the case of solid neon the aver
age substrate temperature could be increased to about 6 
K before any noticeable enhancement of the yield oc
curred [22". A similar check, was performed for de
uterium [4| and for the other condensed gases. 

In one case the erosion yield dependence on the 
current density was examined for current densities up to 
above 10 pA/cnr. This measurement will be discussed 
later. Otherwise, no change in the yield was observed 
for several current densities below this value. 

In the simple case, where the yield is independent of 
the film ltuckne>s T. the yield Y is determined by 

Y-ASx/i. (3) 

where A is the eroded area. S the number density of the 
condensed-gas film, and • the total number of primary 
electrons needed for an erosion. If the yield depends on 
the thickness, eq. (3) has to be modified to 

Y(.x)-\ MAx± 
(«) 

» h e r d M O » the volume sputtered by J * electrons at 
the instantaneous thickness Jr. This expression is di
rectly utilized for the erosion on the quartz-crystal mi-
crobabnee However, frequently it is not possible to 
determine the yield in the simple way indicated in eqs. 
(3) and (4). 

In many cases one is able to determine only the total 
number • of electrons that arc needed lo erode the film 
away. Of course, the eroded area has to be estimated as 
»ell. However, even then a straightforward application 
of eq. (3) would lead to an average yield which may be 
very different from the instantaneous yield Y{x) and 
the bulk yield (e.g. see the figures in sect. 3). Then one 
may evaluate the yield Y{x) from 

>'(.<)' (5) 

where r u a constant that depends on the geometry of 
the erosion crater, and from how * is estimated (see 
sects. 3.1 and 3.2). For a complete homogeneous erosion 
without a crater edge c — 1. but in the present work r is 
usually 0.7-1.0. These estimates as well as formula (S) 
will be discussed in the appendix. 

One may use eq. (5) for the emissiviiy-change method 
as well as for a determination by means o.' the quartz-
crystal microbalance. but more than one complete ero
sion is required if the instantaneous yield Y{x) has to 
be evaluated. 

_'. I. Durrmimunm ot the xttU by the moxurtn. -C*U»RW 
methtui 

This method utilizes the fact that the electron emis
sion coefficient of a thick condensed-gas film is differ
ent from the electron emission coefficient of the sub
strate. Therefore, it is generally possible to determine 
the lime when the deposited film has been removed 
from the irradiated area by the beam. 

Before describing the principle of the emrssjvitv-
change method we have to consider electron emission 
resulting from electron incidence on a sobd surface. "*"e 
disregard for the moment an> ion emission, and may 
define an "electron emission coefficient" i by 

•r -O-«K. (*> 

where i~ is the target current for a positively biased 
grid. For incidence of keV electrons we may not directly 
distinguish secondary from reflected electrons. Usually 
we expect most secondary electrons to have energies of 
only a few eV. whereas a considerable number of the 
reflected electrons will have much higher energies (par
ticularly if reflected from Au. see below). As discussed 
in refs. J27.35_37| it is. therefore, an experimental con
vention simply to define electrons with low energies as 
~ true- secondaries (the stringent validity of this "defini
tion'* is unimportant for the present work;. 

A bias of - 45 V (or - 90 V) applied lo the gnd in 
front of the target may thus be expected to suppress 
almost all secondary electron emission, leading to a 
current i~. We define the electron reflection coefficient 
H as in ref. (201 °>" 

and note that the total emission coefficient (sec above) 

S - I J + O . ( • ) 

where 6 is the true :-xondary electron emission coeffi
cient. Previous measurements of the ranges of 0.3-3 
keV electrons in solid H,. D. |37) and N2 [27] exploited 
the observation that for thin films on a Au-substrate the 
reflection coefficient n would depend on the film thick
ness x (fig. 4). 

For normal incidence of keV electrons on a pure 
gold substrate the reflection coefficient i)A. is about 0 4. 
and it is known from the literature [34.38] that the 
energy distribution of the reflected electron* has its 
maximum slightly below the primary energy. In con
trast, the reflection coefficients for H } . D, . or N. are 
very low. Fig. 4 shows measurements of the reflection 
coefficient * for Hj-films on a gold substrate a* a 
function of the film thickness x tot incidence of 3 keV 
electrons. The coefficient is seen to fall off almovt 
linearly. The reason is that the probability that reflected 
electrons from the substrate -»-ill escape through the film 
decreases with jr. Thus i»( «) reaches the 'bulk' value 
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w< x ) at (kc thickness «* where me electrons that nave 
been icflccied from the geld surface have no longer 
sufficient energy to escape through the film. The pro
jected range was taken [27.37] as twice tins thickness. 
Mf « 2d. bat our present application of the relation 
ni .v ) does lot depend on this interpretation. 

As we sec from fig. 4. the total electron emission 
coefficient ({cq. (6)f aho varies with Mm thsduKss. As 
the true secondary electrons often have quite a short 
range (escape depth). ( wdl vary essentially as * for 
thicknesses larger than 10** mokewics/enr. However, 
for very thin films (less than 10'* motecuies/cnr > ( 
varies particularly strongly because electrons from the 
gold may escape as well. 

Wc méghi then instead determine an unknown film 
thickness * by measuring the reflection coefficient n and 
comparing it with the known relation • (* ) (ftg 4). By 
measuring the target current i, continuously during 
irradiation of a film wc immediately obtain the reflec
tion coefftcicni a versus modem beam fluencc (fig. iy. 
and in turn the instantaneous target thickness versus 
eroding beam fluencc (provided that the erosion is 
homogeneous). 

The sensitivity of the measurcmeni is limited by the 
slow variation of a with x. For initial film thicknesses 
below 10" molecules/cm2 the total change of • is 
prohibitively small, and wc may measure instead the 
total emission cocfficicni f (fig. 5). This coefficieni 
varies strongly at small x (fig. 4). and has been utiliied 
for erosion measurements of relatively thin films |4|. 

Unfortunately, the secondary electron emission is 
sensitive to the structure and purity of the surface. In 
contrast, the reflection coefficient a will be less sensitive 
and be characteristic «nly of the average remaining 
target thickness. Wc should, therefore, lend to believe 
mainly in results based on measuring a. as toon as we 
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have ensured that the apphed negative bus docs not 
influence the erosion process (see sect. 5). 

Fig. 5 shows the variation of the reflection coeffi
cient • and the total emission coefficient { during the 
erosion of 20 x I0 |T D.-molccules/cnr on both gold 
and carbon substrates This film imckncss is almost one 
order of magnitude less than the electron range lor 2 
keV electrons, which means that the initial value of a is 
about 0.3. This is far above the value for bulk hydrogen 
and deuterium of 0.01 [27J. Both coefficients increase 
with the fluencc from the initial value up to a final 
value, winch is determined by the substrate. In princi
ple, both the "Au-varue". a^. and the "C-value". ( , . 
arc reached by the lime the film is eroded away. Unfor
tunately, these values are approached almost asymptoti
cally as the last .emnants of the film are eroded away. 
Therefore, we define the erosion as completed for the 
total beam fluence F% (ciccirons/cnr) corresponding lo 
the intercept of the steepest tangent (thin lines, fig. 5) to 
the »-curve with the "Au-levcT. and lo the (-curve wiih 
the "C-levcT |4J. This definition gives an experimen
tally convenient determination of the total flucnce / , . 
or the corresponding total number • of electrons. 

A senes of complete erosion data has been shown in 
fig. 6. where the initial thickness has been depicted as a 
function of ihe flucnce Fm thai is needed to 'rode the 
film away The yield Y(M) is determined frr n eq. (5). 
and from fig 6 one might find the tange mal slope 
N6x/éFt of the "curve" which the data points com
pose. However, the area that determines Ft - • / / « must 
be found from another method (sec section 3.2). 

Formula (5) has been used in previous work [4.9| 
assuming a constant, estimated area. This means thai a 
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Fig. 7. The deposition and subsequent erosion of a 1 "14 x 1017 

Ne-atoms/cm2 thick film on a Ag-substrate (electrode) of a 
quartz crystal. The frequency is plotted versus time. Electron 
beam energy: 2 keV. 

correction of these data is necessary (cf. sect. S). The 
formula is utilized also for the evaluation of the 'hick-
ness-dep~ndent yield Y(x) that occurs for H2. D2 and 
HD (23]. In spite of the considerable extension of the 
crater side we regard eq. (5) with c - 1 as a fair estimate 
of the yield. 

One notes that the slope of the 'curve' from the data 
points corresponds to a yield of about 10 D2/eleciron. 
and that there is no significant difference between the 
three kinds of data. The trend of the dita points mea
sured by the total emission coefficient is similar to (hat 
of the reflection coefficient, which has been measured 
on even (wo different substrate materials. In only few 
cases has it been possible to perform measurements by 
means of the reflection emission coefficient n on carbon 
since the reflection coefficients for bulk hydrogen, de
uterium and neon are very close to that of carbon. 
However, i' was generally possible to measure erosion 
of hydrogen and deuterium on a carbon substrate, if the 
bias v-is changed from a negative to a positive voltage, 
shortly before the end of the erosion. Then the fluence 
was determined from the behaviour of the {-coefficient. 
The points obtained in this way are indicated by (n, £) 
in fig. 6. 

3.2. Yield and area determination by the quartz-crystal 
microbalance 

This method utilizes the possibility of measuring 
instantaneously the mass change on a quartz-crystal 
microbalance during particle bombardment (39). In ad
dition, (he method provides a determination of the 
eroded area. 

The principle is shown in fig. 7. A film of 1.34 x 1017 

Ne-atoms/cm2 is deposited on the silver electrode of 
the quartz crystal during a period of a few minutes. This 
film thickness leads to a decrease in the frequency of 
about two hundred Hz. After the gas inlet has been 
closed, neon corresponding to a few Hi if cryopumped 
onto the crystal from the gas tube and the surroundings. 
As soon as the electron bombardment begins, the 
frequency increases almost .nearly. After approxi
mately IS min the frequency approaches a valur which 
corresponds to a complete erosion of the film in analogy 
to the emissivity-change method. 

The slope of the frequency curve may be applied to a 
direct determination of the mass loss. Then the yield is 
determined from eq. (4). In addition, it is possible to 
estimate the fluence necessary for the complete erosion 
by the intercept of the linear part of the curve with the 
asymptotical value just as described for the 
emissivity-change method (cf. eq. (5)). 

By means of (he fremiency. which is asymptotically 
approached, one may determine the fraction of the total 
deposiled mas:, that is removed by the beam. In fig. 7 
approximately 20% of the deposiled mass has been 
eroded away. However, it has turned out from similar 
experiments of longer duration that an even larger frac
tion of the condensed gas would have been removed 
after continued erosion. 

The proper yield, determined from the 
emissivity-change method and from (he estimate of the 
fluence for the complete erosion with the quartz crystal, 
is obtained only if the extension of the eroded area is 
largely known. A large number of runs at the available 
energies were performed on each condensed gas to 
determine an effective eroded area. These areas were 
then used to obtain the absolute values of the target 
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Fig. 8. The erosion of a 4.4 X 101T Ne-aiom/cm: thick film on a 
Ag-substrate (f'ictrode) of a quartz crystal by 2 keV electrons. 
The frequency change is plotted versus fluence. Bias: - 90 V. 
< ), calculated frequency change from eqs. <A.3)-(A.5) 
with a - 0.72. (The fluence has been evaluated similarly to that 
in fig. 5.) 

fluencc, e.g. for the emissivity-change method (cf. eq. 
(5)). It turned out that the area is on the average 25% of 
the total film area. This area determination is feasible, 
since the beim geometry is almost similar for the 
ordinary target plate and the quartz crystal. 

Occasionally it was possible to evaluate the area 
more accurately from a simulation of the erosion pro
file. This :s shown in fig. 8 as a function of the target 
fluence for a spatial form such as a frustrum of a right 
circular cone. 2-keV electrons erode a neon film, the 
thickness of which corresponds to 3/4 ol the electron 
range. The shape of the frequency curve is then divided 
into two parts: In the first part the erosion goes on until 
the flat plateau of the cone has reached the substrate. In 
the last part the erosion solely takes place in a "ring" 
outside the flat part. The model assumes chat the ero
sion yield is independent of thickness, but neon has so 
far shown only a weak deperdence on thickness (and 
solely for Thicknesses below 3 X 1017 Ne/cm2). The 
calculated curve is rather sensitive to the choice of 
upper and lower radius, and the curve shown gave the 
best overall agreement. The development of the profile 
with time is described in the appendix. This simulation 
procedure could readily be performed when the 
frequency were registered continuously during the mea
surements. This area (rom the simulation was then used 
for this specific measurement instead of the less accu
rate, general area calibration. 

The shape of the frequency curve shown in fig. 8 is 
observed in almost all erosion measurements on solid 
neon, oxygen, nitrogen and carbon monoxide indepen
dent of the initial thickness. This similarity is a conse
quence of the inhornogeneous beam profile and a possi-

1 2 
FLUENCE HO^el/cm2) 

Fig. 9. The erosion of a 1.8 x 101* D2-molecules/cm2 thick film 
on a Ag-substrate (electrode) ">f a quartz crystal by 2 keV 
electrons. The frequency change and the electron reflection 
coefficient are plotted versus the fluence. (The fluenet has been 
evaluated similar to that in fig. 5.) 

ble lateral extension of the erosion, and obviously not 
the result of a strong thickness dependence of the 
erosion yield. 

In some cases the cmissivity-change method was 
used simultaneously with the frequency measurement 
on the quartz crystal. The erosion of 1.8 x 1011 D2-
molecules/cm2 by 2-keV electrons on the silver elec
trode of the quartz crystal is shown in fig. 9. This 
thickness corresponds to the range of the electrons. The 
frequency and reflection coefficient are plotted as a 
function of the fluence. which has been corrected 
according to the area calibration. One notes that the 
erosion is completed at almost the same fluence ( - 2 x 
10" electrons/cm2). Contrary to neon one observes a 
significant change in the slope of the frequency curve. 
This reflects a noticeable thickness dependence of the 
yield, which is common for solid D2, H2 and HD. The 
behaviour of the reflection coefficient during erosion 
shows a similar trend. 

The simultaneous measurements have been per
formed for other gases as well, and mostly the agree
ment has been convincing. This mutual agreement con
firms the feasibility of both methods, and in particular, 
it means that the emissivity-change method may be 
accompanied by a method which yields the instanta
neous mass change. 

Finally, let us consider a series of measurements in 
which the current density was varied from 3 to 35 
ft A/cm1. In all cases a film of 4.5 x 1017 Ne-aloms/cms 

on the quartz crystal was eroded by 2-keV electrons. 
The initial yield as well as the fraction of the eroded 
mass are plotted as a function of the current density in 
fig. 10. One note? that the erosion yield increases drasti
cally above 15 uA/cm :. and that the fraction of eroded 
mass rises from the usual level ( £ 30%) up to unity. 
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Fig. 10. The initial erosion yield for a 4.5 x 1017 Ne-atoms/cm: 

thick film is plotted versus the current density. Primary elec
tron energy: 2 keV, bias: - 9 0 V. ( ), calculated curve 
from eqs. (9) and (10). V0 - 28 Ne/electron. The eroded frac
tion of mass is plotted versus current density as well. (—). 
initial and final fraction of mass. The values for IS and 18 
fiA/cm1 may be slightly underestimated since the erosion was 
not fully completed at the end of the experiment. 

Since this small enhancement of current density may 
.warcely have any effect on (he size of the beam spot, we 
may interpret this behaviour as a result of beam-in
duced evaporation of an extension much larger than the 
beam spot (cf. section 5). We arrive as well at the result 
(hat the eroded mass in many cases corresponds to an 
effective area that is substantially larger than any possi
ble beam spot. 

3.3. Charge-up problems 

As many of the irradiated materials are electrical 
insulators, a problem (hat may arise is the simultaneous 
charge-up of the film: A significant charge-up might 
effectively influence (he primary beam energy, as well as 
defocus the beam (changing A), and even a moderate 
charge-up might seriously disturb measurements based 
on the beam-induced emission of charged particles. 

Secondary electron emission will in effect produce 
positive charges at the surface, while projectiles coming 
to rest inside (he target will constitute a surplus of 

negative charges in depth. Furthermore, processes at the 
target-substrate interface may contribute. We may ex
pect Droblems. as the mobility of charge carriers is quite 
lov in diatomic molecular solids [40,41], for instance 
However, it turned out thai the surface potential was 
mostly comparable to the bias voltage. It was possible 
to apply the the emissivily-change method except for 
very thick films of deuterium [23]. 

Charge-up problems affect predominantly the mea
surements performed by the emissivity-change method. 
They do not influence results obtained with a quartz-
crystal microbalance, a; long as the surface potential 
does not change the primary energy noticeably. A 
simultaneous current and frequency measurement may 
then ensure a highly controllable determination of the 
erosion yield. 

3.4. Accuracy oj 'he methods 

The accuracy of the frequency-change method is 
generally good. A large number of erosions of the film 
thickness .ised in figs. 8 and 10 led to a relative stan
dard deviation of 13%. This accuracy is probably the 
best achievable for all of those measurements for which 
no strong thickness dependence of the yield occurs, and 
also for which no beam-induced evaporation takes place. 
Furthermore, (his accuracy requir.s a stable beam cur
rent, i.e. with a variation of less than 10%. 

The evaluation of the yield from eq. (S) assumes that 
the derivative dMjr)/d4> is determined. The precise 
estimate of d x / d * i s hardly belter than 20-30%. Fi
nally, a considerable error may appear, dependent on 
how the estimate of the area of the erosion spot is done. 

In (he case of an ordinary target plate one has to 
take into account (hat the film thickness is calibrated 
only within some limits. Furthermore, (he constant c in 
eq. (5) with our geometry may deviate up to 15% from 
our estimated value c = 0.85. unless a detailed profile 
calculation is made. 

4. Discussion of (he methods 

4 I. Comparison bet* fen the methods 

Of the two methods considered in the present work. 
the quartz-crystal microba ance has obvious advantages: 
i) The frequency change measured is directly related to 
a simultaneous mass loss, ii) contrary to the emissivity-
change method one need not complete an erosion in 
order to obtain the yield, and iii) the effective area of 
the er .'.'A spot is determined by the fraction of mass 
that is removed by the beam. 

The principal disadvantage of the microbalance is 
(he complicated way in which (he deposited beam en
ergy is transferred to the crystal holder. Furthermore, 
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there are some restrictions in choice of material and 
thickness of the electrodes. 

The sensitivity of the method is. of course, im
portant. For the microbalance it means that the product 
Y<t>\f must be large. If the yield V and the 
atomic/molecular mass M of the condensed gas are 
small, the total number * of the beam particles should 
be large, i.e. a large current or a long period of irradia
tion is necessary. In the first case the target may be 
heated too much and thermal enhancement of the yield 
may occur. In the second case the limit will be set by 
the stability of the frequency counter and the beam 
current. Unfortunately, a large atomic mass is found for 
the least volatile gases. These generally exhibit a low 
erosion yield for primary electrons. In this connection. 
neon is extremely suitable for electron-induced erosion 
because of the fortuitous combination of a large yield 
( - 30 atoms/electron) and an atomic mass which is not 
too small. For a typical erosion of another gas at 2 keV 
with a beam current of 200 nA and a yield of the order 
of 1 (e.g. N2), one needs an erosion period of approxi
mately one half-hour if a frequency change of about 20 
Hz is required. 

The emissivity-change method is obviously advanta
geous under conditions at which good heat conduction 
from the beam impact area to the target holder is 
important. For example, the thermometer at the target 
holder registers a temperature which is much closer to 
that of the irradiated area if one uses a massive target 
plate rather than the quartz crystal. Of course, one then 
needs the area of the eroded spot for an absolute, 
accurate estimate of the yield. In particular, for thin 
films the emissivity-change method is superior to the 
microbalance. A significant change of the target current 
may be obtained during the erosion. The complete 
erosion shown in fig. S would correspond to a frequency 
change of 10 Hz. which would be difficult to register 
convincingly. 

Finally, the emissivity-change method is feasible for 
any gas-substrate combination where significant changes 
of the total emission coefficient or of the reflection 
coefficient occur during erosion. The choice of substrate 
material is not limited by the available electrodes for the 
quartz crystal. 

The main disadvantages of the emissivity-change 
method are that the erosion must continue until the 
substrate is reached and that one requires the area of 
the eroded spot. The first point means that any erosion 
may be performed only for thicknesses that are removed 
completely during a typical period of measurement, e.g. 
up to 5-7 hours with the present set-up (when the liquid 
helium in the cryostat is pumped). The second point 
means that the area has to be determined from an 
entirely different method, e.g. with the microbalance or 
by estimating the area from visible spots on samples. 

For the two most volatile gases H2 and HD it 

appeared to be difficult to determine the erosion yield 
precisely. There was no satisfactory agreement between 
the methods of emissivity-change and frequency-change 
for these two gases, probably because beam-induced 
evaporation took place at the quartz crystal. This is a 
consequence of the relatively poor heat conduction from 
the beam spot through the quartz crystal to the cryostat 
bottom. In addition, it means that the area calibration 
factor will be determined rather inaccurately, since the 
eroded area at the quartz crystal may be larger than the 
corresponding area at an ordinary target plate. 

The erosion data on the quartz crystal for 1-3 keV 
electrons incident on deuterium films and for 2 keV 
electrons on solid HD agreed with the data obtained by 
the emissivity-change method for thick films (> 10" 
D2/cm2). The slope of the tangents from the two curves 
agreed satisfactorily corresponding to a well-determined 
yield for these films according to eq. (5). However, for 
thin films the erosion on the quartz crystal was up to a 
factor of two faster, possibly suggesting that the sub
strate temperature is more critical for such films. A 
similar trend for deuterium has previously been ob
served in a preliminary study of erosion by keV de-
uterons [13]. The reason for this is not known, but it will 
be investigated in future work. 

In addition, it turned out that a damaged soldered 
joint at the crystal holder may have lead to an enhanced 
erosion yield because of the poor heal transport away 
from the beam impact area. The yield of neon for low 
current densities was increased by a factor of l.S. and 
decreased immediately after reparation to the usual 
magnitude. 

4.2. Comparisons with other methods 

The method most applied in condensed-gas erosion 
has so far been Rutherford backscattering analysis 
(6.32.36.42-44]. With this method the area density of 
the condensed gas may be determined fairly accurately. 
As with other methods one has to ensure that the 
analysing beam hits the area irradiated by the eroding 
beam, and that the extension of the eroded area is 
known. These problems are. of course, common to all 
sputtering measurements with Rutherford back-
scattering analysis. The area density measurements are 
in principle highly accurate, but the method requires a 
sufficiently large number of backscattered analysing 
particles or an appreciable energy loss for these particles 
through the film. These conditions may be difficult to 
fulfill, and virtually impossible for thin films of hydro
gen and deuterium. For these materials the 
emissivity-change method offers itself. 

The pressure increase in the vacuum chamber during 
irradiation was used by McCracken and co-authors 
[5.45] to determine yields from solid hydrogen, de
uterium, water ice and other condensed gases. The 
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method is simple, but apparently rather inaccurate. 
Comparable data on ice found by Brown el al. [43] with 
Rutherford backscattering turned out to be about two 
orders of magnitude smaller than their data. 

One may mention the electron-induced erosion of 
thin films of solid rare gases on niobium crystals (46). 
Farrell et al. utilized the change in characteristic 
energy-loss peaks or the intensity of a LEED first-order 
diffraction beam during erosion. However, they re
ported severe difficulties in reproducing the results, and 
indicated that their results should be regarded as quali
tative only. 

Finally, Pedrys et al. [8] have performed an estimate 
of the erosion yield of frozen SFt by 0.75 keV electrons. 
The fluence necessary for a complete erosion was de
termined approximately, and the thickness of the con
densed SFt-film was estimated roughly from a phase 
transition in the layer. In view of the uncertain current 
measurement the authors merely report that their yield 
is of the order of a few molecules per incident electron. 

The two latter methods agree in principle with our 
emissivity-change method. The erosion of condensed 
gases is observed by measuring a signal change from the 
disappearing film or from the substrate. So far. our 
methods have been extended to a higher degree of 
accuracy. 

5. Discussion of results 

The determination of the area of the eroded spot was 
not made in previous work [4,20]. We assumed erro
neously that the eroded area was identical to (he projec
tion of the nearest aperture. This area correction means 
that the absolute yield for 2 keV primary electrons has 
now been corrected from - 12 to - 28 Ne-aioms/elec-
tron. The yield of "bulk" solid deuterium [4] has been 
corrected lo - 8 molecules/electron (or 2 keV electrons 
as well. 

The slope in fig. 8 leads lo this latter value for neon, 
whereas the method using the cross-over between the 
linear part of the frequency curve and the asymptotic 
value gives a yield of 26.5 atoms/electron (provided the 
area correction mentioned earlier is included). This 
agreement between the two ways of estimating the yield 
means that erosion lakes place from the complete effective 
area from the onset of the beam, i.e. the eroded spot is 
not broadened significantly during the irradiation. Of 
course, this comparison is possible only when the con
densed gas erodes essentially linearly as neon does. 
Similar problems due to uneven sputtering have been 
discussed briefly by Lepoire et al. (42). 

The hydrogen isotopes all show a pronounced devia
tion from linear erosion. It is obvious from fig. 9 that the 
instantaneous erosion yield increases with decreasing 
thickness, and the same tendency is demonstrated in ref. 

[4|. The decreasing steepness of the characteristic slope 
with increasing initial thickness, shown in this reference, 
originates from the decreasing contributions to the cur
rent measurement from the crater side. The steepest 
slope of the frequency curve in fig. 9 corresponds to a 
yield of 22 D2/electron, which is considerably larger 
than the bulk yield. 

According to the results in fig. 5, the subsirate does 
not play an important role for the erosion yield of 
relatively thick films, even for two materials as different 
as carbon and gold. Fig. 6 illustrates the same trend for 
silver and carbon substrates. However, it should be 
emphasized that thin films ( < 10'7 atoms/cm2) behave 
very unpredictably since differences in the structure or 
purity of the substrate surface may conceivably in
fluence the erosion (4]. 

The sign of the bias on the grid usually does not 
influence the erosion. However, for neon one finds that 
the erosion with positive bias is up lo more than a 
factor of 3 slower than the erosion yield with negative 
bias (22]. For all other condensed gases investigated in 
the present set-up we have observed no significant dif
ference in the yield with positive or negative grid volt
age. This is demonstrated as well as by the data in fig. 6 
for deuterium. 

Let us finally return to the dependence on the current 
density shown in fig. 10. One notes that there is a flat 
plateau corresponding to the ordinary yield Y0 of about 
28 Nc-atoms/electron below current densities of 10 
pA/cm~. Above this temperature, increasing beam-in
duced evaporation takes place. Neon is so volatile that a 
modest enhancement in beam current density on the 
crystal may lead to a large increase in the erosion yield. 
This increase is accompanied by a clear lateral broaden
ing of the erosion area. 

This case is well described by the low-temperature 
spike model [47] since the average temperature rise ATC„ 
of the target due to the beam is considerably lower than 
the ambient target temperatur Tm. The theoretical treat
ment [47] enables us to estimate these temperature 
quantities. The evaporation rate ^(T) (number of 
evaporated atoms per unit lime and area) may be esti
mated from experimental data on vapour pressure from 
solid neon [48]. The yield from the spike [47] is 

r»-j(*(Tm + aTM)-*(T.)). (9) 

where J is the current density. The total yield 

has been plotted in fig. 10 for 7̂  — 6.6 K and ATt„ -
0.13 x y K, where J is given in pA/crn2. This corre
sponds to a temperature rise from about 1 K at the 
lowest current densities up to 4.5 K at the highest 
current density. These temperature values give the best 
overall agreement with all the experimental points, and 
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is consistent with the theoretical prediction that the aver
age temperature rise is proportional to J (22.47). 

The behaviour of the yield in fig. 10 resembles *he 
trend of the temperature-dependent erosion yield which 
have been determined in measurements with electrically 
heated substrates [22.32.36]. However, thise data in
crease less than one order of magnitude from the low-
temperature yield, whereas our data rise more than two 
orders of magnitude. 

6. Conclusion 

The present results show that accurate measurements 
of electron-induced erosion yields are affected critically 
by the beam conditions. In particular, one needs a beam 
sweep arrangement that ensures a homogeneous irradia
tion of the target area if the erosion yield is thickness 
dependent. A good determination of the beam spot area 
and the erosion profile is required for sufficiently accu
rate meavi'sments of absolute erosion yields. 

We have demonstrated that it is possible to carry out 
such measurements on a quartz-crystal microbalance. 
even at temperatures at the level of liquid helium. The 
emissivity-change method is applicable as well, while it 
requires an independent estimate of the area of the 
erosion spot. With large initial film thicknesses, for 
which the electron emission does not vary, one has to 
continue the erosion process, until a significant change 
in the emission takes place. On the other hand, the 
temperature of a film deposited on an ordinary target 
plate is far better controlled than that of a film deposited 
on a quartz crystal. The eroded area may be determined 
most accurately by the frequency-change method, which 
even may be supplemented by a calculation of the 
erosion profile. 

Finally, we shall point out that the two methods, 
possibly with some additional precautions, offer them
selves for future use in other areas, e.g. ion and neutral 
particle bombardment as well as synchrotron radiation 
of condensed gases. 

The authors thank P. Sigmund. C. Claussen, O. 
Ellegaard and H.H. Andersen for discussions and valua
ble comments. We thank as well the technical staff. A. 
Nordskov, B. Sass and K. Borman. for competent assis
tance. The help of K. Weisberg in designing the elec
tronic equipment is gratefully acknowledged. 

Appendix 

In the following treatment we shall consider how our 
particular erosion geometry affects the results. We as
sume thai the erosion profile may be well described by a 
frustrum of a right circular cone in such a way that we 

can limit the discussion to the simple, rotationally sym 
metric case. 

We discuss the general expressions for the current 
and frequency change with time. Then we consider the 
simple example of a thickness-independent yield (fig. 8). 
and finally we derive eq- (S). 

Let us assume that the erosion lakes place on an area 
vR2, so that B = N0vR} is the number of particles that 
are eroded away asymptotically. A'„ is the initial surface 
density. The frustrum has an inner radius aR (see fig. 
8). 

The general expression for the frequency change Ar 
is 
A»{t)'^B-tti'

,Ni(r,i)2itrir. (A.l) 
•'o 

where A', is the instantaneous surface density 
(particles/cm2) at the distance r from the centre of the 
erosion crater at the time t. it is a constant (that relates 
the number of particles to Hz). The corresponding 
expression for the emissivity-change ij(f) of reflected 
electrons during erosion is more complicated: 

1<') = 7 / % . < * ; ( ' . ' ) ) - ' ( ' ) 2 i r r d r . (A.2) 

The reasons are that the current density J(r) enters into 
the integral, and the "local" i), depends on the instanta
neous density, e.g. as v in fig. (4). The total current / 
(particles/s) is known from the current measurement 
with the Faraday cup. 

Let us now include the reasonable assumption that 
the current density profile J(r) has the same form as the 
(surface density) profile on the target. This means that 
any extrapolation of Ac and i) will lead to different 
periods for a complete erosion. In fact, it turns out that 
the fluence for an erosion determined as in sect. 3 is 
always less if estimated by the emissivity-change method 
than if estimated by the one involving frequency-change. 

In the simplest case of a thickness-independent ero
sion yield >'„ we obtain: 

4 I > ( / ) / M =/>'<,': r<r 0 (A3) 

and 

4 r ( ' ) / P - * - < l - * ) * ( / „ / / ) +J(l -c)2B(i0/,)
2: 

t>t0. (A.4) 
i0-(\+a + a3)B/iIY0 (A.5) 

is the time to remove the central part of the spot. Eq. 
(A.3) corresponds to the linear part of the erosion, and 
eq. (A.4) to the subsequent erosion of the edge zone 
alone. 

By extrapolating the linear part (A.3) (o (he asymp
totic value B one may obtain the number 0 of beam 
particles necessary f?r an erosion as described in sect. 
3.2: 
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The corresponding extrapolation of cq. (A 2) results in 4 
total number 

3(1 + 2a + 3 a 2 ) y0 ' 

This number, which has been determined after the pro
cedure described in the emissivity-change method, is 
always smaller than the one determined from a frequency 
measurement. Only for the case a ~ 1 (an erosion crater 
without edge zone) are the two numbers equal. 

For both numbers (A.6) and (A.7) we obtain 

/ d » \ " US0 + AN0)-N0)*R> 

l d * J ** *(X0 + ^ 0 ) - « ( ^ ) " 0 A ) > -
(A.8) 

so that the instantaneous yield Y0 is easily found from 
the derivative of (NgvR1) with respect 10 • . This ex
pression leads immediately to eq. (5). The value of c is 1 
for eq. (A.6) or equal to the fraction in eq. (A.7). 

Unfortunately, it is possible to evaluate c analytically-
only for this simple case of a thickness-independent 
erosion yield Y0. Otherwise, r has to be calculated 
numerically according to the specific dependence of the 
yield. In addition, eq. (A.8) is valid only in cases for 
which the thickness dependence of the yield }'(*) is 
weak. e.g. for thicknesses comparable to the electron 
range. For our case ( a - 0 . 7 ) the yield is at most re
duced by a factor r - 0 . 8 . The correction has been 
performed in the present work, but we note that for
mula (5), even without the factor c, gives a satisfactory 
estimate of the yield Y(x). 
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The erosion of solid neon by keV electrons has been studied experimentally and theoretically. 
Electronic sputtering as well as temperature-enhanced sublimation are investigated by a frequency-
change measurement on a quartz crystal or in some rases by the change in intensity of reflected elec
trons. The erosion yield increases with increasing temperature for substrate temperatures above 7 
K. Below this temperature sputtering via electronic transitions is the dominant process. The yield 
shows a clear minimum for film thicknesses about (5-7)x 10'* Ne atoms/cm2 for 2-keV electrons. 
The sputtering yield for thick films has a maximum at 1.2—1.S keV. The results are explained by 
the diffusion of excitations to the surface with subsequent decay. From this model and the experi
mental results one derives a characteristic diffusion length of about 1X10" Ne atoms/cm2. The 
eventual panicle ejection is driven by decay of surface-trapped excitons or by dissociative recom
bination. The magnitude of the yield indicates that deexciting neon particles at the surface induce 
further sputtering. Direct sputtering from electron-nucleus collisions does not contribute signifi
cantly to the yield. 

I. INTRODUCTION 

The erosion of condensed gases by ions or electrons 
plays an important role in many fields. In interstellar and 
planetary atmospheric problems the recent laboratory data 
for erosion are expected to have implications for the com
petition of collection and loss of volatiles by icy bodies in 
space.1 _ J In technological problems such as cryopumping 
in radiation environments,4 the phenomenon has also 
turned out to be important. A particular case is the study 
of erosion of hydrogen pellets in a plasma.1-6 

The erosion of condensed gases by charged particles has 
been investigated intensively during the past years.27-12 

The types of phenomena studied range from electronic 
sputtering alone to beam-induced evaporation at high 
current densities or at high temperatures. Most of the ex
periments have been performed for ion bombardment, and 
the results typically exceed the estimates of ordinary 
sputtering theory11 by orders of magnitude. There is little 
doubt that the large erosic.i yields for the condensed gases 
are essentially caused by the energy initially deposited in 
electronic excitations. However, in addition, there may be 
a significant contribution from nuclear stopping for suffi
ciently low energy ions. Various models, more or less re
lated to electron-stimulated desorption, have been present
ed in an attempt to explain how the energy is transferred 
to atomic motion.'-10-,4~" Sputtering via electronic tran
sitions is well known from irradiation of alkali halides," 
for which the yield is above ten at electron bombardment 
below 1 keV at temperatures of about 600 K. 

Measurements of the erosion of solid rare gases as a re
sult of panicle bombardment have been carried out by 
several group$.2•7•,•l5•,6•20•2, Energy spectra of ejected 
particles from ion-bombarded solid argon22 and kryp

ton • have been reported as well. In addition, some ero
sion measurements have been combined with or per
formed by luminescence studies.12,15,16,23 These studies 
complement a large number of studies on luminescence 
from electron-irradiated solid rare gases, e.g., Refs. 
24-27. 

Several of these experiments demonstrate clearly that 
there is a close connection between electronic sputtering 
and luminescence for solid neon and argon. Brown et al. 
measured the electronic sputtering of solid argon as a re
sult of MeV light-ion bombardment, and correlated the 
thickness dependence of the yield with the emission of the 
strong 9.8-eV line from exciton decay in argon.1516 They 
indicated that the processes leading to particle ejection 
were primarily a generation of hole-electron pairs, dif
fusion of holes, and subsequent dissociative recombination 
close to the su^ace. An additional contribution to the 
yield was ascribed to the radiative decay of molecular ar
gon excitons to the repulsive ground state. This latter 
mechanism for converting electronic excitations into 
atomic motion was suggested previously by the present au
thors,"'20 and a significant effect was predicted for 
argon-doped solid neon. 

The erosion yield at electron bombardment turned out 
to be a factor of 2 larger for pure solid neon than for neon 
with even very small amounts of impurities. This effect 
was explained by the reduced diffusion length of the free 
excitons in solid neon.20 A similar decrease in the sputter
ing yield for argon was observed after doping with oxy
gen.16 Coletti el a/.12 measured the correlation between 
luminescence intensity and the condensation rate of argon 
on graphite during low-energy-electron bombardment. 
They demonstrated that the sputtering rate was propor
tional to the density of vibrationally excited, molecular ex-
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citons at the surface 
In many respects, neon deviates from the heavier rare 

gases. The band gap is considerably larger*2'1 1 = 21.6 
eV) and the bottom of the conduction band lies higher 
above the vacuum level in neon (F0=; 1.3 eV) than in solid 
argon2* (V0xOA eV). Contrary to all the heavier rare 
gases, a large fraction of the excitons in neon are present 
as atomic excitons.24-27-50-31 The magnitude of this frac
tion has turned out to be strongly influenced by the type 
of primary excitation, e.g., x-ray irradiation or bombard
ment by low-energy electrons.10'12 For solid neon, vibra
tional relaxation of molecular excitons Ne* shows up to 
be very inefficient compared to molecular excitons in, for 
example, solid argon, but the relative population of the vi
brational levels also depends on the sample quality and on 
the location of the trapped exciton in the sample.10 

Furthermore, the diffusion lengths for optically excited 
free molecular excitons in solid neon have turned out to be 
more than I order of magnitude larger than for argon.13 

In the present work we have studied the erosion of solid 
neon for a variety of experimental parameters. In several 
respects neon is one of the most appropriate materials for 
electron-induced erosion (and sputtering) of all: The yield 
is high, and the thickness dependence of the yield is weak 
above 2x 1017 Ne atoms/cm2. On the other hand, solid 
neon is so volatile that all experiments have to be per
formed close to liquid-helium temperature. Poor heat 
conduction from the substrate to the cooling aggregate 
will immediately !-ad to beam-induced evaporation from 
the solid neon.7 

The erosion has been studied by two independent 
methods described previously:7 The fo. ous combina
tion of a large yield and an atomic mass, which is not too 
small, means that erosion of neon by keV electrons could 
be studied systematically with a quartz-crystal microbal
ance (the frequency-change method). In addition, a large 
number of measurements were performed by determining 
the number of electrons needed to remove the neon film 
from a massive gold substrate. The variation of the elec
tron emission was used here to indicate when the film had 
been eroded away (the emissivity-change method). Neon 
is also well suited to this method, since the yield of high-
energy secondaries (the reflection coefficient) varies by a 
factor of 2 from thick films of neon to the gold substrate. 

The present work contains a short description of the ex
perimental setup and of the two methods used. The first 
systematic experimental results for neon are presented and 
discussed in view of the existing theoretical models. In 
particular, we shall discuss possible deexcitation modes 
that may provide energy for the panicle ejection. 

II. EXPERIMENTAL SETUP AND METHODS 

The basic experimental setup as well as the methods 
utilized have been described in great detail recently.717 

Here we shall only briefly outline the principles. 
A film of solidified neon is produced by letting a jet of 

cooled gas impinge on a massive gold target plate or on an 
oscillating quartz crystal (Fig. 1). In both cases the sub
strate is cooird fo a temperature close to that of liquid 
helium. For deposition on the crystal the film thickness is 
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FIG. I. Schematic drawing of the target region of the experi
mental setup. The quartz crystal may be replaced by a massivs 
target plate. 

determined directly from the frequency change, whereas 
the thickness for the massive target plate is determined by 
a careful calibration procedure. A typical deposition rate 
was 3 x 1015 Ne atoms/cm2 sec. A film may be removed 
rapidly just by heating the target area with an electric 
heater. 

Beams of (I—3)-keV electrons are obtained from a 
small electron gun, and swept horizontally and vertically 
by two independent sawtooth voltages over a 2-mm aper
ture in front of the target, thus ensuring a homogeneous 
irradiation of a large part of the target area. It is known 
that the erosion profile in the film resembles a truncated 
frustum of a right circular cone.7 The substrate is partial
ly heated by the incident electron beam, but care is taken 
to keep the temperature about or below 6 K, where the 
erosion is insensitive to target temperature. The current 
density was usually kept below 10 /xA/cm2, where the 
evaporation caused by beam heating is insignificant.7 

The target plate as well as the crystal are electrically in
sulated from the cryostat, and during irradiation the tar
get current will generally differ from the true beam 
current because of the emission of secondary and reflected 
electrons (and possibly ions). A negative bias of —45 or 
—90 V applied to a very open grid or merely a repeller 
ring will suppress almost all secondary-electron emission. 
The true beam current is measured by deflecting the beam 
into a Faraday cup below the target area. The target re
gion and the Faraday cup are both located inside an elec
trically grounded Faraday cage. Cup, cage, grid (or re
peller ring), and quartz-crystal shield are all heated to 
temperatures sufficiently high to prevent the gas from 
condensing on them. In this manner we attempt to mini
mize disturbing effects from areas that may charge up. 

The frequency-change method utilizes the possibility of 
measuring instantaneously the mass change on a quartz-
crystal microbalance during particle bombardmeni. The 
increasing frequency is measured during erosion, and the 
slope of the frequency curve may then be applied to a 
direct determination of the erosion yield for a known 
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beam current. An example is shown in Fig. 2 for two dif
ferent grid voltages. For both curves one notes an almost 
linear part which corresponds to a yield of approximately 
30 Ne atoms per electron. A typical film deposition of 
4 x I0,T Ne atoms/crrr on the silver electrode corresponds 
to a frequency shift of approximately 600 Hz. The subse
quent erosion by the beam result« in a frequency increase 
cf about 150 Hz, which means that only a fraction of the 
total deposited mass is removed. In this way we obtain a 
satisfactory determination of the spatial extension of the 
erosion spot as well. 

The emiaivity-change method exploits the variation of 
the secondary-electron emission from the target for de
creasing film thicknesses. In particular, the total number 
of electrons that are necessary to obtain the electron emis
sion characteristic for the substrate (i.e., to remove the 
film) may be determined. We define an "electron-
emission coefficient" ij by 

i - = ( l _ 7 j ) i t , (1) 

where i» is the beam current measured with the cup and 
i',~ the target current for a negative bias. The reflected 
electrons characterized by rj will still have sufficient ener
gy to escape. For thicknesses less than half the electron 
range, n increases almost linearly with decreasing thick
ness from the value of bulk neon (-0.2) to that of the 
gold or silver substrate l~0.4). The reflection coefficients 
depend slightly on the primary' energy, but the method is 
applicable for the energies considered here. 

The erosion yield Y for an initial thickness .t is evaluat
ed from 

YU^S^ , <2> 
aw 

where N is the number density, A the eroded area, and • 
the total number of electrons necessary for a complete ero
sion.7 The area A must be found from another method, 
e.g., from the frequency-change method. 

The measurements with the frequency-change method 

FLUENCE (I0'*tltetrons/cmz) 

FIG. 2. Erosi i of a 4.1 x 10'MNe aioms/cnv) thick film on 
a quartz crystal *> 2-keV electrons. The frequency change is 
plotted versus fluence. Grid bias. + 9 0 V < ) and - 9 0 V 
( ). The arrows indicate the fluen« necessary for a com
plete erosion. 
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enable us to determine the erosion yield in a straightfor
ward manner, but the thermal conduction between the 
cryostat and the beam-impact area on the crystal has to be 
sufficiently good, so that unnecessary heating of the area 
is avoided. This may be controlled by comparing the re
sults to those from the emissivity-change method applied 
to an ordinary', massive plate with good thermal conduc
tion to the cryostat (and thermometer). The disadvan
tages of the emissivity-change method are that the erosion 
must continue until the substrate is reached, and that one 
requires knowledge of the area of the eroded spot. How
ever, the two methods supplement each other, and in 
many cases have been used simultaneously for erosion 
measurements. 

A direct comparison between the two methods is possi
ble if the linear part of the frequency curve is prolonged 
as shown in Fig. 2: The intercept between the linear pan 
and the asymptotic level determines a fluence necessary 
for completing the erosion. Since one evaluates the flu
ence for "he erosion measurements with the emissivity-
change method in a similar way, one may compare the 
fluences obtained from the two methods. 

Since the erosion of solid neon has appeared earlier to 
be sensitive to the presence of small impuriti« -. the gas in
let tube was cooled down to temperatures for w!*>ch only 
neon and hydrogen can pass. Contamination with hydro
gen and deuterium was minimized, e.g., by heating the 
cryogenic system to room temperature before experiments 
with neon. 

III. EXPERIMENTAL RESULTS 

In the following subsections we shall describe the 
dependence of the yield on several experimental parame
ters, as well as the agreement between the results obtained 
by the two different methods. 

A. Dependence on grid voltage 

Practically all erosion measurements on the present set
up have been performed with a negatively biased grid 
( -45 or —90 V). Apart from neon and argon all materi
als investigated so far show no dependence on the grid 
voltage. Since many of the solidified gases are insulating 
materials with high secondary-electron emission coeffi
cients, charge-up problems during erosion may be sub
stantially reduced by such a negative bias. 

In Fig. 2 the erosion of a Ne film with positive and neg
ative grid bias is shown. One notes that the yield during 
the linear part of the erosion is essentially identical for 
both voltages, but since the erosion with positive bias in
creases much more slowly than the one with negative bias, 
the necessary fluence for an erosion becomes more than 
30% larger with positive bias. 

This result has been confirmed through a number of 
measurements with the emissivity-change method for oth
er film thicknesses and electron energies. The fluence 
with positive bias is usually larger, occasionally by more 
than a factor of 3. 

The fluence is influenced by the magnitude of the posi
tive grid bias as well. Measurements with the emissivity-
change method have demonstrated that the fluence does 
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not vary for grid voltages from -100 up to about + 10 
V. Then the fluence increases drastically in the interval 
from 10 to 30 V. For voltages larger than 30 V no further 
enhancement of the fluence takes place. 

We have chosen mainly to consider the erosion yield 
obtained with negative bias. Since the maximum yields 
during an erosion are similar, one then avoids the complex 
behavior with a "delay" in the erosion for positive bias. 
Results obtained with the frequency-change method are 
then compared with those with the emissivity-change 
method. One notes that the curve in Fig. 2 measured with 
negative bias is almost linear during most of the erosion. 

B. Comparison between the two methods 

Results obtained by the two methods—frequency and 
cmissivity change—are shown in Fig. 3. The initial thick
ness has been depicted as a function of the fiuence neces
sary to complete the erosion. Only points obtained for an 
erosion on a quartz crystal are directly indicated. Flu-
ences measured for a gold as well as a silver electrode are 
shown, and in some cases simultaneous results obtained 
with the emissivity-changc method are included. The 
average erosion yield from previous emissivity-change 
measurements on a massive gold target is indicated as 
well. One notes the convincing agreement for all 
thicknesses. 

The agreement between the results obtained by the two 
methods on a massive gold target and on a quartz crystal 
demonstrates that the surface of the quartz crystal ap
parently is so cold that essentially no beam-induced eva
poration takes place. 

According to Eq. (I), one may estimate the yield for 2-
keV electrons on neon from the slope of the curve pro
duced by the data points. The slope shown in Fig. 3 cor
responds to a yield of ~28 Ne atoms/electron. 

E 
* 3 

å 
9 2 
in «n 

i' 

EROSION MEASUREMENTS 

2k«V»—• N* 

"» 0 2 t 6 a 
FLUENCE (10 !*«leclrons/em2) 

FIG- 3. Sputtering measurements by the emissivity-change 
and the frequency-change method for 2-keV electrons incident 
on neon. The eroded thickness is plotted versus the fluence 
necessary for an erosion (cf. Fig. 2). + , frequency change for 
a Ag electrode as substrate; 0 . frequency change for a Au sub
strate; O. simultaneous emissivity-change measurements: 

, previous results on a massive Au substrate by the 
envssivity-change method. (The beam-spot area for the two 
latter ones is taken from the frequency-change method.) R, is 
the estimated range of 2-keV electrons in neon. 
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C. Dependence on temperature 

Ai described in the previous »ubscvlum. one ho> iu en
sure that the erosion is performed belo« the temperature 
regime in which the erosion yield increase* with temperj-
ture. This is conveniently done by the emissivity-change 
method using a massive gold substrate that is heated by 
an electrical heater. Because of the good heat conduction 
from the heater (and the thermometer) to the interface, we 
are able to determine the substrate temperature. The pre
cise temperature at the beam spot on the film is. of 
course, known only approximately. The thermometer was 
approximately calibrated, so temperatures are uncertain 
(on an absolute scale) by i 0.2 K. 

In Fig. 4 the yield has been depicted as a function of 
the average substrate temperature. The results have been 
obtained by the emissivity-change method for a film 
thickness of 3.2 x 10IT Ne atoms/cm % corresponding to a 
value not too far from the thickness-independent region 
(cf. Sec. HID). The yield is seen to increase with sub
strate temperature above about 6 K. 

The sublimation flux from an isothermal surface as es
timated from Eq. (S) (Sec. IV B) is included in Fig. 4. For 
the primary current used, one may estimate the sputtered 
flux to about Sx 10" Ne atoms/sec. The sublimation 
flux from the irradiated area (= 7 mnv) then exceeds the 
sputtered flux at temperatures above 8 K. One notes the 
similar increase for the sublimation flux and the flux of 
eroded particles. 

D. Dependence on film thickness 

Results for 2-keV electrons incident on neon films 
deposited on the quartz crystal are shown in Fig. 5. These 
points have all been determined by the frequency-change 
method, since the variation of TJ with film thickness below 
IX I017 Ne atoms/cm2 is insufficient-

One notes the clear minimum slightly below IX 10p Ne 
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FIG. 4. Erosion of a 3.2 X 10"-(Ne aloms/cnrl-thick film on 
a massive gold plate by 2-keV electrons. The yield [Eq. '2)] i* 
plotted versus the substrate temperature. The beam-spot area 
has been normalized as in Fig. 3. . sublimation flux [Eq 
(5»). 
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FIG. 5. Spotterne yield of solid neon rooking from bom-
baidmenC of 2-fceV electrons measured by the faqacncy-cha*gr 
method. The yield is plotted versas the initial thickness. The 
silver electrode of the crystal serves as a substrate. . 
carve dravm to guide the eye. , Eq. <20) witb/ / ,»3 and 
U - 1 X 1 0 " Ne atoms/cm'. 

atoms/cm2, and the slowly increasing yield from this 
minimum up to approximately 4.5x IO17 Ne atoms/cm2. 
Above this thickness almost no further enhancement takes 
place. The strong increase for decreasing thicknesses 
below the minimum leads to a thin-film yield that exceeds 
the "bulk" yield of ~28 Ne atoms/dectron substantially. 
For practical reasons the measurements were carried out 
on several crystal holders of slightly different construc
tion, but the data show the same trend. A similar 
behavior with a minimum positioned at about the same 
thickness was observed for 3-keV electrons. 

For these measurements we have utilized only the ini
tial yield, as the cone profile of the eroded film makes it 
difficult to deduce a proper thickness dependence during 
the later stages of an erosion. For example, the high yield 
for small film thicknesses may easily be hidden in statisti
cal fluctuations in the frequency during the erosion of 
thick films. 

E. Energy depe nrteace 

The yield of a 4.5 x lOl7-<Ne atoms/cm1) film is shown 
in Fig. 6 as a function of primary energy. The data have 
been obtained either by the frequency-change method on a 
quartz crystal with a silver electrode or by the emissivity-
change method with a massive gold substrate.10 The 
thickness investigated is close to the thickness-
independent regime, and comparable to the range of 1.7-
keV electrons in materials of similar atomic number, e.g., 
nitrogen and oxygen.34'5 

The yield curve has a maximum approximately at 
1.2-1. S keV, and decreases with increasing energy almost 
proportionally to the stopping power. The general trend 
is similar for the two different kinds of data points. The 
previous data20 were underestimated by a constant factor 
of about 2.S that accounts for the actual magnitude of the 
eroded area.7 These measurements were carried out only 
down to the primary energy 1.2 keV because of insuffi-

1 2 3 
ELECTRON ENERGY IktV) 

FIG. 6. Spattering of 4.5 X IO'?-4Nc atoms. cnvMhick films 
by keV electrons. The yield is plotted versus the primary elec
tron energy. Only the average value is indicated ai each encrrv-
V, the freowcacy-chaage method with the standard deviation in
dicated at 2 keV. o , the emissmty-chanfc method with the 
beam-spot ana as in Fif. 3. . calculated yield from Eq. 
(16). /,=*3x I0,T Ne aums/cm1 and / / . »1 ; . / , - 1 x I0IT 

Nc atoms/cm1 and / / , * J ; , i ,=0.5x 10" Ne atoms/cm" 
and / / , -5 . 

cient beam intensity. Unfortunately, it was not possible to 
carry out reliable measurements at energies below 0.S keV 
because of beam-adjustment problems. 

F. Influence of impurities 

Recent measurements with the emissivity-change 
method on an ordinary gold substrate demonstrated that a 
small amount of impurities may increase the fluence 
necessary for an erosion by more than a factor of 2.20 

Examples of such sputtering measurements are shown 
in Fig. 7. The reference measurement with pure neon was 
performed before any argon was let in. The other two 
measurements were earned out with films contaminated 
with argon. The contaminant was either regularly added 
to the neon gas in the gas container or merely present in 
the cryostat from previous runs with doped neon films. 
The sputtering is apparently much slower for the contam
inated neon film. 

A sequence of sputtering measurements on argon-doped 
neon films were performed in this way for concentrations 
that varied from 0.05 to 5 at. % argon (in the gas con
tainer before inlet to the cryostat). The results indicated 
no clear depenctence on the argon content, except for large 
concentrations. Apparently, the fluenet decreased with 
the concentration above an argon content of I at. %. w 

In these measurements the gas tube in the cryostaf ha* 
to be heated to a temperature that allows the less volatile 
argon to enter into the target region as well. In the refer
ence measurements with pure neon the tube was also heat
ed in order to keep the experimental parameters praclical-
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FIG 7. Spwtenac of 3 t x IO"-<Ne Moms/cnrMtock frirns 
by 2-keV electron. The ekciron-refkcuon cocffkicM is plotted 
versus the (Wencc. The measaremeau have been ptifotnied by 
the emssmty-chaafe method on a massive Au saturate. 

. for a pore neon fifan; . for a neon fikn deposited after 
a previous argon inlet; - - - . for a neon fiba doped with 2 ai. fi 

ly identical. These measurements were difficult to repro
duce with the frequency-change method. The film depo
sition on a massive gold substrate at elevated gas-tube 
temperature is probably largely different from that on a 
silver electrode of a quartz crystal because of the different 
surface conditions. 

bombarded b> electrons, the yield only devrea<*> slightly 
with ifcxiiftov' 

The titers? dependence of the yield for light McV wo» 
on SOINJ argon «j> previously asserted to be proportional 
to the square of ihe stopping power,* but recent measure
ments on argon show a linear dependence rather than a 
quadratic dependence on the stopping power.1* Wuh the 
present setup, not only the yield of solid neon for energies 
above 1.5 keV. but also the yield of nitrogen and oxygen. 
seems to be almost proportional to the stopping power for 
the primary electrons. 

The magnitude of nV yield for neon at 2 keV is signifi
cantly larger than the corresponding electron-induced 
yield of I D>-mohxules/ckctron for sobd deuteriumT in 
spite of the much larger sublimation energy for the form
er (20 meV/Ne-atom) compared to 12 meV/Dj-molecule. 
The yield is even comparable to that for solid hydrogen.1* 

IV. THEORY I: DIRECT STUTTERING 
AND BEAM-INDUCED EVAPORATION 

The solid rare gases are all characterized by the weak 
interatomic van der Waab binding, corresponding to sub
limation energies from 0.17 eV/atom for xenon down to 
0.02 eV/atom for neon.2* This low-energy value means 
that any electronic excitation or initiated atomic motion 
in neon may lead to a high sputtering yield, even if the 
mechanism involved has a low efficiency- In addition, the 
maximum energy transfer to a neon atom in an electron-
nucleus collision for a keV electron is an order of magni
tude larger than the surface binding energy. Furthermore, 
beam-induced sublimation may, of course, abo easily con
tribute to the erosion yield because of this low binding en
ergy. 

In the present section we shall consider two possible 
mechanisms for erosion: (A) sputtering resulting from 
electron-nucleus collisions, and (B) erosion caused by 
beam heating or external heating. Sputtering via electron
ic transitions will be treated in Sec. V. 

Comparison with other measurements 
on condensed i 

The slow sputtering of solid neon with a positive bias 
compared to a negative one has no parallel in erosion of 
other condensed gases.7 

A strong dependence of the yield on tie temperature 
has been observed for the solid rare gases argon and xe
non.*'21 Although the enhancement of the yield occurs at 
much higher temperatures for these much less volatile 
gases, the general trend is similar for all these targets. 

The effect of an increasing current density on the ero
sion yield has also been considered by several groups.*-11 

A dependence on the film thickness has been observed 
for solid rare gases at MeV-ion bombardment.* "'*-" In 
all cases the yield reaches the "bulk" value between 
2x I017 and 4 x I017 atoms/cm1. In particular, for xenon 
on a beryllium substrate the yield is found to increase, as 
is also seen for neon above I X I017 atoms/cm2 (Fig. 5). 
The sputtering of xenon on a 2000-A layer of frozen SF». 
on the other hand, resulted in a clearly decreasing yield 
with increasing film thickness. For nitrogen and oxygen 

A. Direct electron spattering 

It is well known that sputtering resulting from direct 
electron-nucleus collisions may occur.'7 Since most met
als have a surface binding energy of a few eV, beam ener
gies in the MeV regime are usually necessary for a signifi
cant sputtering yield. This process is. of course, analo
gous to ordinary' ion-induced sputtering, in which the ki
netic energy is transferred directly from the primary atom 
to target atoms. 

A 2-keV electron may transfer up to 0.2 eV to a neon 
nucleus at rest. With an efficiency of I (which, of course, 
is strongly overestimated) this would lead to a yield of 10 
Ne atoms per such an event. The actual total yield from 
direct sputtering obviously depends strongly on the 
scattering cross section. In order to estimate the cross 
section we snail adopt the nonrelativistic expression from 
Berger et al.i% for the differential cross section for elastic 
scattering: 

dei 

dll 
Ze :* 

4£-<J-cr*0+27,> 
T A . V » I (3) 
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where 9 is the deflection angle and A'„| a factor (=1) that 
includes spin and relativistic effects. As usual, Z is the 
atomic number and v the elementary charge. The screen
ing parameter rjs has been evaluated to 

7JJ = 1 . 7 X 1 0 - 5 Z : V 3 / [ 7 ( T + 2 ) ] , 4) 

where r is the kinetic energy in units of the electron rest 
energy. A scattering in which a 2-keV electron transfers 
energy greater than U0 = 20 meV to a neon nucleus corre
sponds to a scattering process in which the deflection an
gle exceeds 0=r 10°. Even though the angle is compara
tively small, the cross section for t/is is about 2x 10"" 
cm2. This means that such a collision happens on the 
average solely 8 times within the thickness 4x l0 1 7 Ne 
atoms/cm2, from which the processes obviously contri
bute the yield, following Fig. 5. Since small scattering an
gles are dominant, anri since any sequence of recoiling nu
clei initiated by the struck nucleus is unable to transfer 
energy over thicknesses comparable to the electron range, 
at most a minor fraction of the yield may originate from 
this direct process. Although we have ignored the slowing 
down of primaries (and the subsequent enhancement of 
the scattering cross section), we may definitely consider 
sputtering via electronic transitions to be far more impor
tant. 

B. Erosion by heating 

Evaporation as a result of beam heating or external 
heating h..«; been reported in several experi
ments. , , ,2,'39~41 Such a mechanism has even occasional
ly been asserted to be the dominant process.21,42 In any 
case, it is clear that evaporation may contribute to the to
tal yield, and even exceed the nonthermal component 
<*rom beam-induced electronic transitions by more than 
several orders of magnitude. 

The yield increase caused by substrate heating was es
timated from the sublimation flux from an isothermal 
surface in Sec. III C This estimate was used for solid ar
gon to explain the temperature dependence of the yield as 
well.9 The evaporation flux V is given by 

V(T)=yP(T){2iTMkBTryn , (5) 

where y is the condensation efficiency ( y s l ) , PIT) the 
sublimation pressure at the temperature T, kB 

Boltzmann's constant, and M the mass of an neon atom. 
We note that any reliable erosion on solid neon without 

substantial sublimation has to be performed on a substrate 
b l̂ow 7 K. 

The yield increase Vjp (where sp denotes spike) as a re
sult of high current density is well descrihed by the late-
stage component of a low-temperature spike:43 

y»P = 7[*(7'fl + Areff)-*(r f l)), (6) 

where / is the current density, T„ the ambient target tem
perature, and Ar.ff the average temperature rise of the 
target. The evaporation rate V{T) (number of evaporated 
atoms per unit time and area) may be estimated from ex
perimental data on vapor pressure from the solidified 
gases, e.g, by use of Eq. (5). 

The starting point for the spike treatment is a variation 
of a well-known problem in the mathematical theory of 
heat transfer. An initial heat pulse along a track perpen
dicular to the surface results in a temperature increment 
of cylindrical geometry in the semi-infinite medium. The 
temperature rise at the surface leads then to an enhanced 
evaporation. 

The solution to the problem reduces to Eq. (6) if the ini
tial heat input is sufficiently low, e.g., a stopping power of 
the order of 1 eV per 10" atoms/cm2 In addition, the 
temperature rise A 7 ^ due to the beam has to be conside.-
ably lower than the ambient temperature Ta. 

The best agreement to the yield increase Ysp was ob
tained for Ta = 6.6 K and A7"cff = 0.137 K U in fiA/cm2). 
This corresponds to a temperature rise of about 1 K up to 
4.5 K at the highest current density. Then, the tempera
ture in the beam spot for low current densities is estimat
ed to be about 7 K, which agrees well with the data from 
the massive gold substrate. In the cylindrical spike model 
this invokes a characteristical duration of the evaporation 
of the order of 

ATe[!C 

' m " ~ J(dE/dx)' (1) 

where C is the heat capacity per unit volume and dE/dx 
the stopping power. /m„ is about 100 /isec. The alterna
tive case of a hemispherical spike, however, leads to a 
time of the order of I sec. 

Later, th. theoretical treatment43 was extended to in
clude heat loss through the boundary by evaporation,44 

but this does not change the previous results for low-
temperature cylindrical spikes. The crater form is 
predicted to be very flat, i.e., the depth should be small 
compared to the lateral extension. A large lateral expan
sion of the beam spo' up to an area 3—4 times larger than 
the usual beam spot has indeed been observed at the 
highest current densities.7 

It should be noted that the erosion that takes place in 
our case at elevated current densities is fundamentally dif
ferent from the laser-induced sputtering of oxides and 
compound semiconductors, where a similar energy-density 
dependence of the sputtering yield was observed.45 This 
enhancement is definitely ascribed to the effect of dense 
electronic excitations. 

V. THEORY II: SPUTTERING 
BY ELECTRONIC TRANSITIONS 

The major problem in the sputtering of insulating ma
terials is how the energy expended in electronic excitations 
and ionizations becomes available for atoms as kinetic en
ergy. 

A. Sputtering from electronic excitations: 
Constant density 

Let us now regard sputtering from noble gases in terms 
of diffusion of excitations and subsequent rfecay14"'18,20 

(Fig. 8). Electronic excitation and ionization by fast-
charged particles in solid rare gases are known lo produce 
luminescence from excilon decay.26,28 However, a consid-
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FIG. 8. Schematic drawing of electronic sputtering from 
electron incidence. The density of excited target par>cles is 
greatly exaggerated. 

erable part of the total energy of excitons is not released 
as radiation, but transferred to the lattice through elec
tronic deexcitations to repulsive states and multiphonon 
processes. The excitons in solid rare gases are highly 
mobile prior to self-trapping,2* and a similar mobility has 
recently been asserted for the holes." 

In Ref. 20 we regarded the vibrational^ excited molec
ular exciton R * as the main "carrier" of electronic ener
gy In the following treatment we shall derive results for 
sputtering originating from diffusion of excitations in a 
more general manner. 

Let us consider an unspecified electronic excitation, 
e.g., a molecular exciton or a hole-electron pair, generated 
by charged-particle irradiation. We assume that this exci
tation may diffuse in a way similar to that of the lowest-
lying excitons.46 The concentration C(r,f of the free ex
citations must satisfy the diffusion equation 

DV2C=4~C+-C . 
dt T 

We further assume the initial condition 

C(rfO)=n05(y)5(z) f o r x > 0 , 

(8) 

(9) 

i.e., constant depth density n0 of excitations along the 
track at the time / =0. The latter term on the right-hand 
side of Eq. (8) represents the drain from the population, 
e.g., for mobile excitons or holes because of trapping or 
deexcitation. The diffusion constant D and the charac
teristic lifetime r of the excitations in the mobile state are 
as usual related to the diffusion length l0=(Dr)m. The 
5 functions biy) and 5(r) fix the impact of the primary in 
(0,0,0). The initial condition (9) corresponds te s uniform 
excitation density along the track of a charged particle as 
expected for a projectile with constant stopping power, 
e.g., a MeV proton up to quite large depth... 

Equation (8) is solved by standard methods18 for a 
scmi-infr ite medium, for which the plane x = 0 corre

sponds to the surface. As a boundary condition, the sur
face is considered to be absorbing, i.e., C vanishes here: 

C(0,.y,z,r)=0 forr>0 (10) 

This boundary condition has been used in previous analy
ses of exciton diffusion.46 The flux 

/ = - -D 
3C 
dx 

(11) 
x=0 

of excitations arriving at the surface then leads immedi
ately to a total number of excitations, 

f~dt fdy Jdzj = n0l0, (12) 

all of which originate from the single-particle track 
described by Eq. (9). 

The diffusion equation utilized here is completely 
equivalent to the treatment given by Ophir et a/.46 and 
Reimann et a/.,15 although these authors predominantly 
considered steady-state excitation. Reimann et al. applied 
a reflecting surface as a boundary condition similar to 
that suggested by Schwentner et cl.*1 from 
photoelectron-emission experiments. In our case the use 
of a reflecting surface leads to a yield that is much too 
small (cf. Sec. VIC). 

In the case of a film of finite thickness, the system of 
equations has to be extended by an additional boundary 
condition for the film-substrate interface at x—d. As in 
all related work,15,46,47 we regard the interface between the 
film and the metal substrate as absorbing in a manner 
analogous to Eq. (10). This leads to a modification of Eq. 
(12) by a factor tanh(<f/2/0).

18 

The number of excitations per depth, n0, may be es
timated by 

n0=/NSt/W, (13) 

where V is the number density, S, the electronic stopping 
cross section, and W the average energy expended to make 
a hole-electron pair. / is the number of this specific exci
tation per hole-electron pair, i.e., / = I for diffusion of 
holes. (Note that the meaning of / is more general than 
that of Ref. 20.) 

The total yield from an infinitely thick film then be
comes 

Y={fNS:/mi0pft , (14) 

where p is the emission probability for an atom through a 
surface with a planar barrier about equal to the sublima
tion energy.1* / , indicates the average number of ejected 
atoms per deexcited molecule or atom at the surface, e.g., 
by a low-energy cascade as in the treatment suggested by 
Reimann et al.li Since the energy release at the surface 
from deexcitation is generally much larger than the sub
limation energy, p is very close to unity for neon and ar
gon.1* Therefore, in the following treatment we usually 
neglect the factor p. We note that the bulk yield is pio-
portional to the stopping power J\St and to the diffusion 
length I0. This result was presented in Ref. 20 as well. 

The possible processes that lead to panicle ejection at 
the surface will be considered in Sec. VC. 
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B. Diffusion of excitations for electron incidence 

The simple approach, for which the excitation density 
has the constant value fNS,/W along the track, is not 
applicable for electron bombardment. It is well known 
that the distribution of energy deposited in excitation and 
ionization vanes considerably as a function of depth.3''*' 
Furthermore, it is clear that the finite range of the elec
trons has to be included in the calculation. These two re
strictions were not included in Ref. 20. 

We approximate the distribution of electronic excita
tions by a Gaussian density for an electron of primary en
ergy £: 

n'(T)={fE/W)GU)6(y)6(z), (15?) 

where 

Gix) = (2ira2
Drl/2exp[-(x -rD)2/(2o)>)) . (I5b) 

fE/W is the number of excitations produced by the pri
mary, and rD(E) and aTj\E) the mean range and standard 
deviation of the distribution. The latter two quantities are 
determined primarily by the atomic number of the target. 
As a good approximation both quantities may be regarded 
as proportional to the range. The reason for this is that 
the distribution of electronically deposited energy is very 
insensitive to variations of the primary energy, once the 
distribution is depicted in units of the stopping power 
NSt{E) versus the range /?,(£) (cf. Ref. 48). Then the 
yield foj an infinitely thick film becomes 

y= i(fJE/tVkxp{o2
D/2ll-rD/l0) 

Xerfc[<rD/(V^/0)-rD/(v/2ai))J , (16) 

where erfc is the complementary error function. This ex
pression is depicted in Fig. 6 for several values of l0 and 
the product//,. 

We note that the-ratios ot>/lo and r0/lQ enter as argu
ments for the exponential function. For a fixed /0 it 
means as expected that a broad distribution or a small 
mean range will lead to a large yield. The mean range rD 

and the standard deviation aD for neon may be estimated 
from data for materials of similar atomic numbers. 

From close inspection of the distribution of deposited 
energy for 2-keV electrons in atmospheric air in Ref. 38, 
we •nay then determine the proportionality constants 

rJ>=0.375/lr(£) 

and 

aø=0.34R,(£) 

(17a) 

(I7b) 

R,{E) is the extrapolated practical range in Ref. 38, 
which is in good agreement with the experimentally deter
mined range in solid nitrogen14 or oxygen.35 

This relatively simple approach for large film 
thicknesses is unsuitable for small thicknesses, for which 
two modifications become necessary. The first important 
point is the additional boundary condition for an interface 
in the plane x =d, similar to the case of constant excita
tion density. If the atomic numbers of the rondensed-gas 
film and the substrate are similar, the d stribution of 
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deposited energy becomes oily slightly distorted relative 
to the distribution in a bulk f lm. Then, the Gaussian dis
tribution (15) is still appropriait, and the yield becomes4'' 

.4 
Y=(fftE/W) JoG(x)exp(-x//0)<fx 

-txp{-d/lQ)[%m\i(d/i0)]-
1 

X J GU)sinh(x/70tøx (18) 

For the case of thin films on a widely different substrate, 
e.g., neon or. a silver electrode, one has to use a completely 
different estimate for the excitation density in the film. 
We ignore the slowing down of primaries in the film, and 
let rlE0kos9tflE0dcosdo be the number of electrons re
flected from the substrate with energy E0 and polar angle 
00 per primary. In this approximation we have utilized 
the knowledge that the reflected electrons exhibit a cosine 
distribution. The total energy deposited by the primary 
and the backscattered electrons in the film then becomes 

d \NS,(E)+ fo r(E0)NSt(E0)dE0 (19) 

The first term in the large parentheses is the energy loss 
of the primary, and in the integral every reflected electron 
contributes with the energy dNSt{E0)/COS6Q. Then, we 
obtain, for the total yield, 

Y={ffe/W) JVS,<£) + JQ rlE0)NS,(E0)dE0 

Xlotanh(d/210). (20) 

For small thicknesses the yield increases with increasing 
film thickness d, and one notes that the yield for very thin 
films id/l0 « 1 ) is independent of the diffusion length l0. 
The approximation behind Eq. (20) is at least valid up to 
thicknesses of more than 1X 1017 Ne atoms/cm2 at the 
primary energy 2 keV. For larger thicknesses the excita
tion density increases considerably as a result of the slow
ing dovn and scattering of the primaries. The sum in the 
large parentheses has been evaluated on the basis of a 
known electron spectrum, r(£0),31 and a semiempirical 
compilation of the stopping power NSt(E0) for neon." 
The result for 2 keV is 1.5NSt(E), which means that the 
backscattered electrons on the average deposit half as 
much energy as the incident ones at the surface. 

C. Energy-release processes 

The fundamental channels of deexcitation of hole-
electron pairs and excitons in solid neon 30.53-55 may end 
up in lattice distortions or sputtering. These processes 
occur even for transitions with an energy release of about 
or below 100 meV, since the sublimation energy for neon 
(and for argon) is comparative low. Below we shall con
sider some of the possible processes which provide energy 
for atomic motion. The mobility of the excitations is dis
cussed in Sec. VI. 

The energy loss from keV electrons to electronic excita
tions is caused mainly by ionization processes of atoms 
and molecules,5*57 i.e., for condensed gases by the 

Risø-R-591(EN) 



102 SCHOU, BØRGESEN, ELLEGAARD, SØRENSEN, AND CLAUSSEN 34 

creation of hole-electron pairs. A hole will be localized as 
the molecular state Ne-."*":53-55 

Ne+ + Ne—Ne,+ 
(21) 

By capturing an electron the molecular hole A :2f forms 
a highly excited molecule Ne?*, which instantaneously de
cays nonradiatively to the free lp exciton" or to the 3p 
self-trapped atomic exciton53 (Fig. 9). 

Ne 2
+ +e- •NeT- •Ne+Ne*(3/>). (22) 

The decay sequence indicated by Inoue et a/.55 is shown 
in Fig. 9 as I, whereas the sequence suggested by Belov 
et a!, is shown as II. About 1.1 eV is liberated by the de
cay of NeJ* after electron capture to the vibrational!}- re
laxed state of Ne2

+. Of course, more energy is released if 
the electron capture takes place for a vibrationally excited 
Ne2

+, i.e., up to the dissociative energy for Ne2
+ 1.3 eV 

extra 58 

The luminescence spectrum from particle- or photon-
irradiated solid neon is characterized by the lines from 
self-trapped atomic or molecular excitons, whereas the de
cay of free 3$ excitons so far has not been observed."8 

The atomic self-trapped excitons occur both in the bulk 
and at the surface.27 Fugol' et a/.26-59 estimate that the 
shift induced by the transition from 4s to the ground state 
3p6 ,S in argon is about 0.2 eV, which is available for 
sputtering. An estimate for solid neon based on their 
tables leads to a shift of about 0.0S eV resulting from the 
radiative transition 3s to 2pb '5 (IV in Fig. 9). 

25 

20 

-Conduction bond 

Exciton 
bands 

^ U L Å / j , ^ 3p 

moltcular excitons atomic excitons 

free excftons 

INTERATOMIC DISTANCE 

FIG. 9. Schematic representation of the important potential-
energy curves. The arrows on the X axis indicate increasing in
teratomic distance. The bands in the middle between the molec
ular excitations and the atomic excitons show the position of the 
/rec-exciton bands and the conduction band in solid neon. The 
transitions indicated by dashed arrows are explained in the text. 
The design of the figure is taken from Ref. 53. 

Let us now estimate the energy release from molecular 
self-trapped e.xcitons. In solid neon the^e excitons occur 
predominantly in highly vibrationally excited states.50-*0 

The relaxation to low-lying states by multiphonon pro
cesses is inefficient because of the large energy difference 
between the vibrational states compared with the phonon 
energies.28-30 Furthermore, the transition rate is reduced 
substantially for molecular excitons at the surface or in 
small crystallites in the bulk of layers deposited by eva
poration.30 The radiative transition from the vibrationally 
relaxed ' 3 2 * molecular states to the ground state imparts 
about 3.7 eV of kinetic energy on the average to the two 
atoms18 (sec process III in Fig. 9). The decay from the ex
cited levels transfers up to 0.5 eV extra energy to the 
atoms.2' 

The ratio of the number of atomic to molecular self-
trapped excitons depends heavily on the type of the pri
mary excitation.30 Surface-sensitive excitation leads to an 
enhancement of the number of the atomic excitons rela
tive to the molecular ones. In our previous work on solid 
neon20 we utilized the ratio of intensities (/(Ne*)/ 
[/(Ne*)+/(Ne")]=0.35) determined by Packard el alz* 
Their sample was irradiated by electrons from a tritiatcd 
externa! source. From the recent work by Coletti et a/.,* 
we find a similar ratio for bombardment by 2.5-keV elec
trons. We note that the decay channel via these molecular 
self-trapped excitons is efficient for sputtering because of 
the comparatively large energy release. 

Recently, Coletti et a/.12 suggested that the ejection was 
a result of a relaxation of a cavity with a self-trapped ex
citon. The minimizing of the elastic strain of the crystal 
and of the surface energy of the cavity at the sample sur
face will liberate sufficient energy for atomic motion, e.g., 
about 1 eVfor ArJ.12 

VI. DISCUSSION: ELECTRONIC SPUTTERING 

The thickness dependence of the yield in Fig. 5 indi
cates that two mechanisms may operate during electronic 
sputtering. The large yield at small thicknesses would 
then have another origin than ihe yieKI i'or thicknesses 
larger than 2 x 1017 Ne atoms/cm^. The yield from thick 
films shows the characteristic sputtering behavior for 
solid rare gases deposited on a metal substrate,,•l5•,6•2, if 
one extrapolates the yield curve to zero for a bare sub
strate. The yield below 2X1017 Ne atoms/cm2 may then 
be composed of contributions from both mechanisms. 

A. Yields for thick films 

The continuous increase in yield with increasing film 
thickness above 1017 Ne atoms/cm2 corroborates the idea 
that a single type of mobile excitation is responsible for 
the energy transport. (The apparent scattering in indivi
dual points reflects different series of measurements rath
er than actual scattering.) In the following, we shall dis
cuss how the mechanisms in Sec. VC may lead to a yield 
comparable to the experimental data. 

Let us first consider the possibility that the sputtering 
from solid neon is caused by the formation of mobile 
molecular excitons and their subsequent diffusion to the 
surface.20 We have calculated the energy dependence of 
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the yield for several values of the diffusion length /0 on 
the basis of Eq. (16). The shape of the yield curve is 
determined by 70, whereas the absolute magnitude of the 
calculated yield is adjusted by the value of the product 
/ / . -

One notes that the curve with / 0 = l x l 0 1 7 Ne 
atoms/cm: (Fig. 6) represents a fair approximation to the 
experimental data. The positions of the maximum and 
the shape of the other two curves disagree clearly with the 
data, however. 

The magnitude of /0 is much less than the length of 
1X10" Ne atoms/cm2 (2500 A) reported by Pudewill 
et a/.,33 but the discrepancy is acceptable in view of the 
possible influence of imperfections in our sample. How
ever, the yield evaluated from Eqs. (16) and (17) with 
/0=1X1017 Ne atoms/cm2 and / = 0 . 3 5 and f, = \ be
comes about 3.4 Ne atoms/electron for the primary ener
gy £ = 2 keV. This value of/corresponds to mechanism 
III in Fig. 9 with the ejection of one Ne atom. In this 
case the yield :s approximately a factor of 8 lower than 
the measured bulk yield. If we use the diffusion length 
from Pudewill et a/.,33 / = 0 . 3 5 and / , = 1, the calculated 
yield for 2 keV is close to the experimental value, but the 
yield then increases clearly with energy, in complete 
disagreement with the experimentally determined 
behavior. In contrast, a calculation with / 0 = 1X 10'7 Ne 
atoms/cm2 (230 A) will reproduce the shape of the curve 
and the position of the maximum fairly well with / / , = 3. 
Thus, our diffusion length is consistent with the overall 
behavior of the yield, but the suggested mechanism alone 
cannot explain the magnitude. 

The value of / / , = 3 is surprisingly large. However, by 
inserting this value in Eq. (20), one obtains a yield-
versus-thickness curve which gradually approaches the 
curve in Fig. 5. The slope at the origin of the calculated 
curve is fixed by this choice of/ / , , since all other param
eters are known (except /0, which does not enter the ex
pression in the limit of d=0). The agreement between 
the value of / / , from the two independent curves, the en
ergy dependence and the thickness dependence of the 
yield, is very encouraging. 

The product / / , is determined partly by the type of the 
mobile excitation (/), and partly by the ejection efficiency 
per deexcitation {/,). The largest feasible value of / is un
ity since we have assumed that only one excitation is 
mobile according to the previous discussion. Then, / , has 
to be at least 3. 

By the decay of the molecular excitons, we have as
sumed in Ref. 20 that only one neon atom is ejected, i.e., 
f, = \. However, the other atom moving into the film 
may cause sputtering as well. The energy of this atom is 
sufficient to create a low-energy cascade (cf. Sec. VIC), 
and the total number of emitted atoms may very well be 
about the magnitude of the measured yield. In fact, one 
obtains agreement with the experimental yield if the im
pact of this atom leads to sputtering of 7—8 atoms from 
the neon surface. Then/»0.35 and/ ,»8.5 . 

Sputtering yields from recent measurements for keV 
hydrogen-ion bombardment of solid neon demonstrate 
that the diffusion model is applicable for ion-induced 
electronic sputtering as well.6' The energy dependence is 
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fairly weil predicted, and as in the case of electrons we ob
tain satisfactory agreement between the experimental yield 
and the calculated yield with fft = 3. 

Let us now consider the possibility that recombination 
of molecular holes is the dominant mechanism similar to 
that reported by Reimann et a/." for electronic sputtering 
of solid argon. According to these authors the radiative 
decay of the molecular excitons to the repulsive ground 
state (III in Fig. 9) leads to an additional contribution to 
the sputtering yield. 

The holes recombine with prompt or delayed electrons 
from the substrate. Obviously, the recombination has to 
take place at or close to the surface «n order to provide 
sufficient energy to the sputtering process. From hole-
drift experiments in solid neon it is known that the holes 
may traverse specimens of more than a few hundreds of 
micrometers thick.62 There are apparently no indications 
in the literature of the characteristic diffusion length of 
the holes in the absence of any external fields, and of the 
influence of sample preparation. Le Comber et at. point 
out that the tunneling of a hole Ne2

+ to a neighboring site 
is a probable process,62 which eventually leads to an ordi
nary diffusion behavior of the holes. However, this par
ticular type of diffusion is not probable in our case. An 
extrapolation of the hole mobility in neon down to 6 K on 
the basis of the data and the treatment by Le Comber 
et a/.62 leads to a completely immobile hole. 

Nevertheless, let us consider the possibility that recom
bination might be the dominant process if = 1) with a dif
fusion mechanism different from the one considered by 
Le Comber et al. With / o = l x l 0 1 7 atoms/cm2 as the 
diffusion length for a hole, we obtain a yield of 10 Ne 
atoms/electron for incidence of 2-keV electrons from Eqs. 
(16) and (17). The dependence on energy is, of course, 
similar to that calculated with / =0.35. As in the case of 
molecular excitons, the dissociative recombination will 
lead to a yield of about 30 only if one of the atoms causes 
further sputtering from the neon surface (corresponding 
to / , = 3). The result is based on a complete trapping of 
the holes at the surface corresponding to the absorbing 
boundary condition. The use of a highly reflecting boun
dary as suggested by Reimann tt al.li for the diffusing 
holes combined with a low-energy cascade model leads to 
a yield for Ne of about 2 Ne atoms/electron at 2 keV. We 
shall treat this case in Sec. VIC. We note that although 
recombination apparently is an important step in the de
gradation of electronically deposited energy, it does not 
necessarily mean that dissociative recombination is the 
dominant source of kinetic energy for sputtering. The en
ergy might as well arise from a combination of transitions 
from self-trapped molecular and atomic excitons at the 
surface as the last step in the relaxation process initiated 
by the recombination. We note that the energy supply in 
both cases is adequate (cf. Sec. VC), but tbd'. the use of 
Eq. (16) without modification means that i.ie excitons 
have to remain close to the surface where the recombina
tion took place. 

The importance of recombination is illustrated by Fig. 
2. The effect of a positive bias is primarily th.it all inter
nal low-energy serondary electrons disappear from the 
neon film because of the negative affinity of solid neon, 
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before they may recombine. This means that the sample 
may charge up positively relative to the metal substrate. 
When the potential of the film is sufficiently high, the 
internal secondaries do not leave the film or electrons 
from the substrate are attracted by the positive region in 
the film. The sputtering begins when the electrons start 
to recombine. This explanation would be consistent with 
the apparent delay in erosion with a positive bias. 

We do not consider the contribution from deexciting 
atomic excitons to be substantial. The reason is primarily 
the low-energy release from this transition estimated by 
the considerations in Sec. VC. 

For solid neon recent measurements*3 indicate that the 
sputtering by eV electrons starts close to the threshold for 
exciton production (=17 eV), whereas no strong enhance
ment is observed for energies close to the band gap. This 
observation supports the suggestion that decaying excitons 
are the dominant energy source for the particle ejection. 

Although so far we have considered one dominant 
mobile excitation, one cannot exclude that two types of 
mobile excitations with different diffusion length contri
bute to the sputtering. For example, hole diffusion prior 
to recombination may broaden the initial Gaussian distri
bution of excitations. The resulting distribution of mobile 
excitons leads to a second diffusion of excitations, which 
may behave similarly to the assumptions in Sec. V. Then, 
the necessary energy for the sputtering is essentially pro
vided by decaying, surface-trapped molecular, or atomic 
3s excitons, i.e., via mechanism IV + III in Fig. 9 or by 
strain minimization as suggested by Coletti et al.11 

B. Yields for thin films 

The strong enhancement of the yield for thicknesses 
below Sx 101* Ne atoms/cm2 has not been observed for 
other condensed gases at present. Recent measurements 
indicate that this thin-film behavior is found for incidence 
of keV hydrogen ions as well.6' Thus, we are led to the 
conclusion that the strong enhancement for s*r. »Tl 
thicknesses is primarily a property of the neon film on a 
metal substrate, but is not influenced much by the type of 
the primary particle or the spectrvr ,>f backscattered par
ticles. In this con»*' .'i>n, we nc.e that the contribution 
from backscattere.. iæi.-ons for irradiation of solid oxy
gen was significant up to one-half of the electron range.17 

For neon, the contribution from these electrons are hidden 
in the complex depth dependence. 

The possibility exists that the high yield for these small 
thicknesses is caused by a violent process with a small ef
fective range from the substrate. A yield of about 100 Ne 
atoms/electron has even been observed for these thin 
films. In view of the sublimation energy of 20 meV, it 
means that the resulting process has to liberate at least ap
proximately 2 eV, unless emission of clusters takes place. 

Cluster formation for thin neon films might be another 
reason for the high yield. The films are more or less uni
form for thicknesses above 5xl0 l f t Ne atoms/cmJ, 
whereas films below thir, thickness show a strong tendency 
to form clusters.*4 We may not exclude that kinetic ener
gy, e.g., released from a dissociative recombination, is 
consumed very effectively for erosion of clusters. 

C. Comparisons with models for a reflecting surface 

Let us compare the present results with two models in 
which the surface acts as a reflecting boundary, sputtering 
from low-energy cascades or spherical spikes. The 
energy-releasing processes may be dissociative recombina
tion or decay of molecular excites as described above. 

Ordinary sputtering theory" was extended to electronic 
sputtering for electron irradiation of solid oxygen and ni
trogen by Ellegaard et a/.17 It turned out that this low-
energy cascade model explained the energy dependence of 
the yield as well as its approximate magnitude for pri
mary electrons. The yield is essentially determined by the 
surface value D,iO) of the distribution Dt{x) of energy 
deposited in electronic excitations. The derivation in 
Refs. 17 and 49 gave the important result that the yield 
caused by particle bombardment for medium and low ex
citation densities is 

\[Dt(0)/W\E,\ (atoms/primary). (23) 

£j is the ene.gy release for example by an electronic deex-
citation. The constant A is determined by properties of 
the target material alone, e.g., the sublimation energy U0 

and the low energy stopping power for atoms.0 A similar 
expression involving a treatment based on low-energy cas
cades has been presented by Johnson and Brown,*' and 
Garrison and Johnson.** Equation (23) is determined by 
the distribution of isotropic sources of released energy for 
these low-energy cascades. The surface density for non-
mobile sources is Dt[Q)/W, e.g., as in solid nitrogen, but 
for solid neon the source distribution is different from the 
distribution of dec- onically deposited energy due to the 
mobility of the excitations. However, if the excitations 
are reflected at the surface, one may estimate the simple 
case of a primary with constant stopping power. The two 
distributions are identical apart from a constant factor up 
to quite large depths, provided that the diffusion length is 
much smaller than the range of the particle. One may 
evaluate the yield from Eq. (23) for 1.5-MeV protons in
cident on solid argon to Y = 1.5 AT atoms/H+ compared 
to the experimental yield y = 2.2 Ar atoms/H+. l5I t 

Here we applied Dt[x)=NSt(E) and an energy release 
£, = 2 eV, which is a typical value for argon." 

Let us shortly estimate the yield for 2-keV electrons in
cident on solid neon on the basis of this low-energy cas
cade model. The sp3tial distribution of deexciting states 
is broadened from the original Gaussian distribution 
G(x), Eq. (15b), corresponding to a diffusion with the 
characteristic length /0 = 1 X 1017 Ne atoms/cm2. We ap
proximate this distribution of internal sources by a con
stant excitation density of 2A5,(£). Then, we ol .in, for 
example, for mechanisms III (/=0.35) in Fig. 9, A=49 
A/eV and the yield Y=\.b Ne atoms/electron. This 
yield is almost 1 order of magnitude too small, although 
we have used relatively high values as input parameters, 
e.g., an energy release of £ ,=3.7 eV and an excitation 
density of 2NS,. As usual, the energy W required to pro
duce an ion-electron pair has been set equal to 35 cV,"-20 

and for A the usual power approximation13 has been used. 
Rather than treating the deexciting particles as a center 

for a low-energy cascade we may consider the possibility 
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for lou-energy spherical spikes'*-' around such a cente'. 
The contribution from these elastic collision spikes may 
be appreciable for large values of the energy release E, 
compared with the sublimation energy L'0. However, the 
yield from this model does not exceed 3.5 Ne 
atoms/electron even foi the high input parameters used in 
the previous case for low-energy cascades. 

The yield evaluation may lead only to values close to 
the experimental yield, if 'he cross section in A and in the 
corresponding evaluation of the spherical collision spike is 
replaced by a cross section 1 orr' - of magnitude lower 
than its given value. Although i.te interaction between 
low-energy neon nuclei is comparatively weak, one may 
hardly expect such a pronounced deviation from the stan
dard cross section. 

D. Influence ot impurities 

The apparent delay of the erosion for the doped films 
(Fig. 6) is probably caused by a less efficient diffusion of 
the mobile excttation. The measurement of the pure film 
leads, as usual, to a yield of about 30 Ne atoms/electron, 
whereas the contaminated films apparently have a small 
erosion rate during the initial stage of the irradiation. 
However, one should note that we do not observe a clear 
correlation between increasing impurity concentration and 
decreasing sputtering yield, as Brown et al. did for oxy
gen impurities in solid argon.16 

VII. CONCLUSION 

Films of solid neon with thicknesses of 2 x 10'* up to 
2 x 10" Ne atoms/cm2 have been irradiated by primary 
electrons at energies from 0.8 to 3 keV. Measurements of 
erosion yields, particularly of the yield for electronic 
sputtering, have been carried out by the frequency-change 
method and the emissivity-change method. The agree
ment between these two methods was fairly good. The 
yield for 2-keV electrons inrJent on thick films is about 
30 Ne atoms/electron. The yield decreases with decreas
ing film thickness to about 10 Ne atoms/electron at the 
thickness 5x 10* Ne atoms/cm2. This indicates the ex
istence of a long-range diffusion of excitations which pro
vide atoms close to the surface with the necessary energy 
for the sputtering process. The characteristic diffusion 
length is approximately 1X1017 Ne atoms/cm2 (=230 A). 
For very thin films a strong enhancement of the yield was 
observed. 

The energy dependence of the bulk yield is consistent 
with the suggested diffusion length. There is a maximum 
in the yield at energies for which the primary electrons 
have a range comparable to the diffusion length. Above 
1.5 keV the bulk yield is proportional to the stopping 

'Present address: Max-Planck-Institut fur Plasmaphysik, 
D-8046 Garching bei Miinchen, Federal Republic of Ger
many. 
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power for the primary electron's 
All measurements of the electronic sputtering yield 

have been performed at temperatures below about 6 K. A 
significant evaporation occurs for elevated temperatures. 
These latter measurements were performed on a massive 
gold substrate in order to obtain a satisfactory tempera
ture determination. Doping of neon films with . rgon 
leads to a clear delay in the erosion. 

The model presented previously for diffusion and decay 
of excitons has been extended to a general transport model 
of excitations to the surface with subsequent trapping and 
energy release for sputtering. The treatment for constant 
excitation density has been modified to include the distri
bution of electronically deposited energy for primary keV 
electrons. The electronic deexcitation is probably initiated 
by dissociative recombination, which may or may not be 
the dominant energy-releasing process. On the other 
hand, the important process might just as well be the radi
ative decay of self-trapped atomic or molecular excitons 
to a repulsive ground state. However, the suggested decay 
may hardly be responsible alone for such a large bulk 
yield without contributions from low-energy cascades ini
tiated at the surface. This subsequent sputtering by 
surface-trapped deexciting particles with yields from 
about 10 to 3 Ne atoms/neon-atom may account for the 
observed yield of 20-40 Ne atoms/electron in our energy 
regime. The model is based on an absorbing surface as a 
boundary condition. The use of a highly reflecting sur-
f .ce as a boundary condition does not lead to satisfactory 
agreement with the experimental results in contrast to the 
case of MeV protons incident on solid argon. 

Direct sputtering >"rom electron-nucleus collisions in 
solid neon does not contribute significantly to the thick-
film yield because of the very low cross section. Beam-
it: iuced evaporation may be neglected for current densi
ties below 10 fi Pi/cm1. 

ACKNOWLEDGMENTS 

The authors have appreciated discussions with P. Sig
mund, G. Zimmerer, W. L. Brown, R. Pedrys, R. E. 
Johnson, J. M. Debever, and F. Coletti. We thank as well 
J. M. Debever and F. Coletti for giving us the opportunity 
to include their unpublished work in our discussion. We 
acknowledge the technical staff, A. Nordskov and B. Sass, 
for competent assistance. We have appreciated the help 
of K. Weisberg in designing the electronic equipment. 
The work of one of us (C.C.) has been made possible by a 
research grant from the Danish Natural Science Research 
Council. 

3R. A. Hating, A. W. Kolfschoten, and A. E. de Vries, Nucl. In-
sirum. Methods B 2, 544 (1984). 

40. Grobner and R. S. Calder, IEEE Trans. Nucl. Sci. NS-20, 
760(1973). 

5S. L. Milora, J. Fus. Energy I, 15 (1981). 
*C. T. Chang, L. W. Jørgensen, P. Nielsen, and L. L. Lengyel, 

88 Rise-R-591(F.N) 



106 SCHOU. BØRGESEN. ELLEGAARD. SØRENSEN. AND CLAUSSEN 34 

Nucl.F»v20.S59(S5SCS. 
TJ. Schou, H. Sørensen, and P. Børgesen. Nucl. Instrum. 

Methods B 5.44 (1914). 
*T. A. TombreUo. in Desorption Induced by Electronic Transi

tion, edited by N- H. Tolk. M. M. Traum. J. C. Tully. and T. 
E. Madey (Springer. Berlin. 19$}i. p. 239. 

•F. Besenbacher. J. Bøttiger. O. Graversen, J. L. Hansen, and H. 
Sørensen. Nucl. Instrum. Methods 191. 221 tl9Sl>. 

•°W. L- Brown. W. M. Augustyniak. K J. Marcantonio. E. H. 
Simmons. J. W. Boring. R. E. Johnson, and C. T. Reimann. 
Nucl. Instrum. Methods B 1. 307 (I9S4). 

"R- Pedrys, R. A. Haring. A. Haring. F. W. Saris, and A. E. de 
Vnts,Phyj Leu. S2A, 371 (1981). 

,2F. Cbtrtti. J. M. Debever. and G. Zimmerer. J. Phys. (Paris) 
Lett 45. L467( 1984) 

"P. Sigmund, in Sputtering by Pamcle Bombardment I. edited 
by R. Behnscb (Springer, Berlin. 1981). p. 9. 

,4R. E. Johnson and M. Inokuti, Nucl. Instrum. Methods 20o. 
289(1983). 

, J C T. Reimann, R. E- Johnson, and W. L- Brown, Phys. Rev. 
Lett. 33.600(1984). 

•*W. L. Brown, C. T. Reimann, and R. E- Johnson, in Desorp
tion Induced by Electronic Transitions. DIET II. edited by W. 
Brenig and D. Menzel (Springer. Berlin. 198S). p. 199. 

I 7 0. Ellegaard, J. Schou, H. Sørensen, and P. Børgesen, Surf. 
Sri. 167,474(1986). 

"C. Claussen, Ph.D. thesis. University of Odense, 1982 (unpub
lished). 

"M. Szymonski. J. Ruthowski. A. Poradzisz, Z. Postawa, and 
B- Jørgensen, in Desorption Induced by Electronic Transitions, 
DIET II. Ref. 16, p. 160. 

"P. Børgesen, J. Schou, H. Sørensen, and C. Claussen. Appl. 
Phys. A 29, 57 H982). 

Z'R. W. OHerbead, J. Bøttiger. J. A. Davits. J. lEcuyer, H. K. 
riaugen, and N. Malsunami, Radial. Eff. 49, 203 (1980). 

"R. Pedrys, D. J. Oostra. and A. E. de Vrics. in Desorption In
duced by Electronic Transitions. DIET II. Ref. 16, p. 190. 

2 ,F. Cotelti and J. M. Debever, Solid State Commun. 47, 47 
(1913). 

I4R. E Packard. F. Reif. and C. M. Surko. Phys. Rev. Lett. 25. 
1435(1970). 

MF. Coktti and A. M. Bonnot. Chem. Phys. Lett. 55,92 (1978). 
»I. Ya. Fugol', Adv. Phys. 27, I il<>78)-
27F. Coletti, J. M. Debever, and O. Zimmerer, J. Chem. Phys. 

83,49(1985). 
a N . Schwentner, E.-E. Koch, *nd J. Jortner, Electronic Excita

tions in Condensed Rare Gaits (Springer, Berlin, 1985). 
»V. Saileand E.-E. Koch, Phys. Rev. B 20,784 (1979). 
"R. Gaethke. P. Giirtle-, R. Kink, E. Roick, and G. Zimmerer, 

Phys. Sums Solidi B 124, 335 (1984). 
"E. Schuberth and M. Creuzburg, Phys. Sutus Solidi B 71, 797 

(1975). 
J1E. Roick, R. Gaethke, P. Giinler. T. O. Woodruff, and G. 

Zimmerer, J. Phys. C 17,945 (1984). 
"D. Pudewill, F.-J Himpsel, V. Saile, N. Schwentner, M. Ski-

bowski, E.-E. Koch, and J. Jonner, J. Chem. Phys. 65, 5226 
(1976). 

*H. Sørenen aiuJ J. Scho«. J Appl. Pfcys. 49. 531! M"»?S:. 
"M Øhlenschlæger. H H Andersen. J. Schou, and H 

Sørensen. Radial. Prot. Dosim (to be published). 
*P. Børgesen. J. Schou. H. Sørensen, and O. Ellegaard < unpub

lished). 
"D. Cherns, Surf Sci. 90. 339 (1979). 
»M. J. Berger. S. M. Seltzer, and K. Maeda. J. Atm Ten. 

Phys. 32. 1015(1970). 
"W. L. Brown. W. M Augusiyniak. L. J. Lanzerotti. R. E. 

Johnson, and R. Evatt. Phys. Rev. Lett. 45. 1632 (1980). 
*J. W. Boring. R. E. Johnson. C. T. Reimann. J. W. Garrett. 

W. L. Brown, and K. J. Marcantonio. Nucl. Instrum. 
Methods 21«, 707 (1983) 

41 J. W. Boring. J. W. Garrett. T. A. Cummings. R. E. Johnson. 
and W. L. Brown. Nucl Instrum. Methods B I. 321 (I984i. 

4-S K. Erents and G. M. McCracken. J. Appl. Phys. 44. 3134 
(1973). 

4JP. Sigmund and M. Szymonski. Appl. Phys. A 33,141 < I9S4). 
"M. Urbassek and P. Sigmund. Appl. Phys. A 35.19 (1984'. 
45T. Nakayama, M Okigawa, and N. Itoh, Nucl. Instrum 

Methods B I. 301 (1984). 
*Z. Ophir, 3. Raz. J. Jonner. V. Saile. N. Schwentner, E.-E. 

Koch. M. Skibowski. and W. Steinmann. J. Chem. Phys. 62. 
650(1975). 

47N. Schwentner. G. Martens, and H. W. Rudolf, Phys. Status 
Solidi B 106. 183(1981). 

**}. Schou, Phys. Rev. B 22. 214] (1980). 
4*0. Ellegaard, Ph.D. thesis. Risø National Laboratory. 1986 

(unpublished). 
»H. Niedrig. Scanning I. 17 (1978). 
"S. Valkealahti and R. Nieminen (private convnunication). 
5-A. E. S. Green and L. R. Peterson. . Geoph. Res. 73. 233 

(1968). 
"A. G. Belov. E. M. Yunaeva, and V. N. Svishchev, Fiz. Nizk. 

Temp. 7. 350 (1981) [Sov. J. Low Temp. Ph,s. 7, 172 (1981)]. 
MK Inoue, H. Sakamoto, and H. Kanzaki. Solid State Com

mun. 44, 1007 (1982). 
»K. Inoue. H. Sakamoto, and H. Kanzaki. Solid Stale Com

mun. 49, 191 (1984). 
*T. Doke. A Hitachi, S. Kobota. A. Nakamoto, and T. 

Takahashi. Nucl. Instrum. Methods 134,353 (1976). 
"L. R. Peterson and A. E. S. Green. J. Phys. B 1, 1131 (1968). 
"L. Frommhold and M. A. Biondi. Phys Rev. 185, 244 (1969). 
5*I. Ya. Fugol' and E. I. Tarasova, Fiz. Nizk. Temp. 3. 366 

(1977) [Sov. J. Low Temp. Phys. 3. 176 M977)J. 
*°M. Selg, Phys Status Sclidi B 129.775 (1985). 
6lO. Ellegaard. J. Schou, and H. Sørcmen, Nucl. instrum. 

Methods B 13. 567 (1986). 
"P. G. Le Comber. R. J. Loveland, and W. E. Spear, Phys. Rev. 

B II, 3124 (1975). 
*'J. M. Debever and F. Colctti (private communication). 
MJ. Krim (private communication); J. Krim, J. G. Dish, and J. 

Suzanne, Phys. Rev. Lett. 52, 640 (1984). 
(5R. E. Johnson and W. Brown, Nucl. Instrum. Methods 198. 

103(1982). 
«*B. J. Garrison and R. E. Johnson, Surf. Sci. 148,388 (1984). 
"C. Claussen, Nucl. Instrum. Methods 194, 567 (1982). 

Risø-R-591(EN) 89 



Nuclear lastru.nems and Methods m Physics Research B13 (I9M) 567-571 567 
Nofth-HoBand. Amsterdam 

SPUTTERING OF SOLID NEON BY keV HYDROGEN IONS 

O. ELLEGAARD, J. SCHOU and H. SØRENSEN 
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Sputtering of solid Me »nth the hydrogen ions H ]. H j aad H', m the energy range I-10 l^/aiom has been studied by means of a 
naamnwLiobilanr.1. technique No enhancement in the yick per atom for molecular ions was found Tnr results for hydrogen ions 
an;cnnyaiedwiwdattforfceVckqrons.TnethicluK»dtpcndcn^^ 
parades. The energy dependence as well as the absofcjie magnitude of the yield are Ascusscd on the basis ol mobile electronic 
excitations-

Sputtering of condensed gases by charged particles 
bas been investigated by a number of groups. Special 
attention has been paid to the solid rare gases [1-6]-
These atomic solids constitute an interesting class of 
target materials due to the extremely weak Van der 
Waab' binding between the atoms in the solid. Sol
idified Ne has been studied using keV electrons as the 
bombarding particle [4,7J. while sputtering of solid Ar, 
Kr, and Xe was performed with MeV light ions [1-3.5). 

Only very few data are available for sputtering with 
ions in the low keV regime. The slowing down of the 
primary in the solid is caused by both nuclear and 
electronic stopping. Sputtering measurements of frozen 
Xe have been made by Stevanovic et al. [6} using 
20-80keV heavy ions (N, Ar. Sb and Bi). i.e. in a 
regime where nuclear stopping is the dominant process. 
This group atempted to separate the nuclear and 
electronic contribution to the yield. The agreement 
between the yield ascribed to nuclear collisions and the 
estimated yield from ordinary sputtering theory [8] was 
satisfactory. 

Pedrys et al. [9.10] investigated the energy distrib
ution of sputtered krypton and argon ions by bombard-
mem of 3 keV Xe. 6 keV Ar ions and 6 keV protons. In 
the case of the heavy ions, where nuci.-ar losses 
dominate, they found an indication of a collision-
cascade mechanism. The energy spectrum of Kr atoms 
in the case of proton incidence could be interpreted as 
the result of non-radiative deexcitations. In this case, 
the energy deposition for protons is due mainly to 
electronic slopping. The large sputtering yield for solid 
rare gases is caused in many cases by energy deposited 
in electronic excitations, while the contribution from 
nuclear collisions has not been studied to the same 
extent. 

A close connection between luminescence and sput-

016B-583X/86/S03.50 © Elsevier Science Publishers BY 
(North-Holland Physics Publishing Division) 
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tering fas been observed for the solid rare gases Ne and 
Ar [2-4. II]. This feature has been studied in particular 
for the case of MeV light-ion bombardment of argon 
[2.3]. The process leading to sputtering for Ar is 
primarily a generation of electron-hole pairs or exci-
tons. diffusion of these excitations and subsequent 
deexcitation dose to the surface. 

Solid neon is the most volatile of the solid rare gases. 
and the sputtering by charged particles is in general an 
efficient process. Moreover, for sputtering by elec
tronic transitions, processes that take place even far from 
the surface contribute to the particle sputtering. This is 
corroborated by the large diffusion length for excitons 
that has been observed in solid neon [4.12). 

Here, we report on the first measurement with ions 
bombarding a condensed gas using the quartz microfol-
ance method. Solid neon is well suited to any sputtering 
measurement based on mass loss because of the large 
yield and the atomic mass, which is not too small. In a 
forthcoming publication we will compare the results for 
both protons and medium light bombarding kms with 
the existing theories for sputtering of solid Ne. For 
these ions we expect a significant contribution from 
both nuclear and electronic stopping in the material. 

2. Experimental 

The basic experimental set-up as well as the quartz 
microbalance method have been described elsewhere 
[13]. 

Films from 2 * 10'* Ne/cm2 up to2 x 10'" Ne/cm : of 
solidified neon are produced by letting a jet of cooled 
gas impinge on an oscillating quartz crystal (fig. 1). The 
substrate is cooled to a temperature close to that of 
liquid helium. 

Beams of 1-10keV H;. H; and H; are extracted 
from a duoplasmatron ion source and selected by a 45* 
magnet. The energy spread in the detected beam is of 
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Fig. I. Experimental Kl up. The target region. 

the order of 10 eV or less and under gooci vacuum 
conditions —99̂ c of the beam consists of positive ions. 
Abo the dissociation of H j and H \ ions in the beam is 
negligible under good vacuum conditions. The current 
is measured by deflecting the beam into a Faraday cup. 
The beam is swept horizontally and vertically over an 
aperaiure in front of the target, thus ensuring a 
homogeneous irradiation of a large part of the target 
area. As in the case of electron-induced sputtering (,f 

we apply a negative bias ( -90 V) to an open trailer 
ring in front of the target. In thi? way secondary 
electron emission is suppressed, and charge-up prob
lems are reduced substantially. 

The current density was below 1 j*A<cm\ where 
evaporation caused by beam heating turned out to be 
insignificant [13]. This current density causes no drift in 
the oscillator frequency. The stability of the beam was 
checked during the sputtering experiment. 900 frequen
cy and target current measurements were performed 
during one sputtering experiment. The sputtering yield 
was determined from the frequency shift of the mic-
robalance. In a typical sputtering experiment the fre
quency change was about 200 Hz. After each run the 
eroded film was thrown away by heating the quartz 
crystal. 

3. Resets 

3.1. Dependence on temperature, current density and 
grid bias 

Measurements were performed in order to study if 
sputtering was partly due to beam-induced evapor
ation. A reduction in temperature compared with the 
level at which the measurements were normally per
formed could be obtained by pumping on the helium 
reservoir. This did not lead to any change in the 

sputtering yield for Mm thicknesses above 1 x 
10 irNc'cm :. while some reduction in yield was ob
served for the smaller thicknesses A crucial test is the 
dependence on current density. Variation of the current 
density between 0.5 and 0.05 jiA cm' did not influence 
the sputtering yield. 

As was the case for electron incidence [7] the 
application of a positive bias (+90 V) leads to a delay 
in the sputtering or a significantly lower sputtering 
yield. 

3.2. Thickness dependence of the yield 

In fig. 2 we show the thickness dependence for 8 keV 
H * compared with the results for electrons. The yield is 
almost constant for thicknesses above I * 10'* Nc cm", 
and the "bulk" yield is about 60 Nc atom. This value 
should be compared with the "bulk" value for 2 keV 
electron incidence. 28 Nc'electron The yield increases 
drastically for small thicknesses in both cases. The 
minimum in the yield for electrons below about the 
thickness of 1 * 10' Ne'cm" is not so pronounced in 
the esse of protons (see fig. 3) and is probably some
times hidden in statistical fluctuations of the measured 
yield. 

3.3. M effect 

As a fair approximation ore may assume that the 
molecular ions H' an. '-i', wll dissociate upon impact 
under an equal sharing of energy Such a multiple 
impact could local'} incicas: the density of ixcitations 
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Fig. 2. Thickness dependence of the yield for flkcV H| 
incident on solid Ne. The dashed curve indicates the fhickncu 
dependence lur 2 keV electrons. 
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near the region of impact compared with the incidence 
of H* with equal energy per atom. If the sputtering 
•ere not caused by mutually independent excitation 
events, moircular effects could then be expected, and 
the yield would probably be enhanced. As shown in fig. 
3 we found full agreement between the sputtering 
yields of 6keV H\ and 9keV HJ over the thickness 
range 0.2-5 x 10*' Ne cm\ Also 10keV H: and 5 keV 
H* gave fuH agreement for the thickness of 4.S * 
10'TNe'cm ; This demonstrates that no motecuUr 
effect is found for such low-energy protons. In contrast. 
Stevaaovic et al. (6| found a dear effect for solid Xc 
bombarded by Sbl-ions with energy in the nuclear 
coBiUon regime. 

3.4. Energy dependence 

ISO '-
HI\- tg. Htlcm-

In fig 4 we show the energy dependence of the yield 
over the whole energy range I—10 keV/atora. The yield 
increases with energy. and in the figure a least squares fit 
to the relation Y» AS^ is shown as well 5, is the 
electronic stopping cross section green by Aodcrsen 
and Ziegler |14). As the power turns out to be q * 0.9 
the yield is almost proportional to the initial stopping 
power of the protons. A similar proportionality is abo 
found for electrons with energies above I.5fceV [7] 

Nuclear collisions contribute significantly at the low
est proton energies. The amount of energy spent in 
nuclear collisions as caldulated from the tables of 
Winferbon (15J changes from - 2 0 « at 1 keV to -5C; 
at 10 keV The yield could possibly be enhance«! due to 
this nuclear energy loss. The importai.te of this mech
anism in our energy range is at present unknown for 
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Fig. 3. The absence of molecular effects in solid N'c. The 
absolute values of the sputtering yield are compared lor the 
two ions 6 keV H j and 9 keV H', which give the same amount 
of energy per atom u> *er ditnciation. 

0 5 « 
ENERGY tkeVfotom] 

Fig. 4. fcnrrgy dependence of ike sputtering yield ewer me 
cnergv range 1-10 keV/atem. The sobd bae jKacate* i l k i o 
the relation Y*S\ wifh 4*0.9. 

condensed solid gases, but the use of heavier low 
energy ions, depositing more energy in the nuclear 
collision regime, may possibly give new answers. 

4. Kscusswn 

The major question arising in sputtering of condensed 
gases by electrons and protons is: How is the energy-
expended in electronic excitations and ionizations con
verted to the kinetic energy of the sputtered atoms? As we 
almost can neglect nuclear losses for protons except fcr 
the lowest energies, the interpretation of the data is 
supported by the results for electron bombardment. 
From the thickness dependence of the yield for 2 keV 
electrons (fig. 2) it is clear that excitations and ionizations 
up to a depth comparable to 5 x 10'7 Ne/cm* (7] 
contribute to the yield. This is obvious from the 
observation that the yield increases up to a film thickness 
around 4 x 10'7 Ne/cm'. Then the situation for solid Ne 
is clearly different from that of the electron-induced 
sputtering of solid N, and O, [ 17], where we have to take 
only surface processes into account. For these molecular 
gases the thickness dependence of the yield is then 
ascribed to the varying excitation density due to electrons 
back-scattered from (he substrate. 

The strong enhancement of the yield for thicknesses 
below S x 10'* Ne/cm' has no parallel to other con
densed gases investigated so far. As the enhancement is 
observed both in the case of electron and proton 
bombardment, we suggest the effect to be a property of 
the neon film itself. It has been observed for film« 

X INDUCED DESORPTION 

92 Ri»0-R-591(EN) 



570 O EBefmni tt ml. ! Sfrnmimf. øf ieU mto* mt keV A > * f m KMU 

thinner than 5 * 10'* Ne. cm' that fit-Mom* show a 
tendency to form dusters [I6|. Then the sputtering of 
these duster* should apparently he a rather efneien: 
PfOCtSS-

Conccrning the energy dependence of the yield for 
electrons. we observe a maximum at around 1.2-
1.5 keV. and the yield decreases with energy almost in 
proportion to the stopping power. This behaviour can 
be understood if the sputtering is caused by excitation 
events in widely distant atoms, so the interaction 
between ionization centers -s negligible. The decrease 
in yield below 1.2 keV is cajscd by the low range of the 
electrons compared to the diffusion length of the 
excitations In (he case of electron bombardment of N . 
and O . . the yield was almost proportional to the 
stopping power over the whole energy range 0.5-
3.0 kcV [ 17]. It i, also dear that for solid Ne. the total 
distribution of electronically deposited energy must be 
taken into account. For keV electrons this distribution 
is approximated with a Gaussian function [?]. In the 
case of protons a distribution has to be constructed on 
the basis of well-known siowing-down parameters. 

For the two solid rare gases. Ne and Ar. sputtering 
explained in terms of diffusion and decay of excitations 
seems to be the most promising model. Excitations. 
e.g. excitons or hole-electron pairs, are produced in 
the solid rare ga« by the charged panicles. The mobile 
excitation in neon is a molecular exciton Net . an 
atomic exciton Ne* or a molecular hole N e l . The 
precise nature of the diffusion is not known, but the 
decay of the excitons as well as the dissociative recom
bination provide the neon atoms with translational 
energy. An initial hole recombines dissociativcly into a 
3p-free exciton, which in turn decays radiatively into a 
(n » I)-exciton. This decay-sequence was suggested 
by Inoue et al. [18]. The final branching in atomic and 
molecular (n - l)-excitons is unique for neon (4.7,12]. 

The decay v- -ncc proposed is supported by our 
observations - '^uttering measurements with a posi
tive bias. Since all low-energy internal secondaries are 
expelled [ 12|. none or relatively few recombinations take 
place. 

Model calculations for electron bombardment indi
cate that each non-radiative deexcitation at the surface 
is accompanied by additional sputtering [7]. For exam-
pi?, about 3.7 eV is released as kinetic energy by the 
decay of a molecular exciton. Then one of the atoms 
has to spuuer about ten more atoms off the surface. 
This number is essentially determined by the diffusion 
length which is estimated to be 1 x 10" atoms/cmJ 

(»230 A) . The input numbers used for electron bom
bardment also give a satisfactory agreement with the 
energy dependence of the yield for incident protons. 

The sputtering of neon shows some similarities to 
thai of argon. Reimann et al. (2j related sputtering of 
argon to luminescence of the strong 9.8oV-line from 

exciton-decay. They proposed a model where the re
lease of kinetic energy takes place in three steps: A 
molecular hole Ar J makes a dissociative recombination 
forming a highly excited atomic exciton. This exciton 
then combines with a neighbour to form a vtbrationally 
excited Ar* excuner. After vibrational relaxation this 
excimer decays under emission of the 9.8 eV photon and 
with a further release of kinetic energy. On the basis of 
the thickness dependence of the hmupescence yield the 
authors estimated that the diffusing species is the 
moiecular hole or a bigMv excited atomic exciton with a 
diffusion length /«* 190 A (2|. The authors suggest for 
Ar as well that additional sputtering takes place by 
non-:adiative deexcitation at the surface. 

5. Coacfcmu 

We have measured the sputtering of solid Ne with 
hydrogen atoms in the energy regime I-10keV. The 
dependence of the yield on a number of parameters 
such as primary energy. Mm thickness, current density 
and grid bias was investigated. The main purpose of our 
investigation was to compare protons and electrons as 
primary particles. In this energy regime the energy 
deposition by these two panicles is mainly electronic 

The thickness dependence of the yield shows no 
major difference for the two particles, and the yield 
increased drastically below the film thickness » 1 x 
10' Ne/cm : in both cases. There is no difference in the 
yield per atom for the atomic, diatomic or triatomic 
hydrogen ions. The yield increases with increasing 
energy per aiom almost proportionally to the electronic 
stopping power. 

The energy dependence of the yield may be ex
plained by the existence of a mobile excitation that 
deexcites at the surface. Since the diffusion length 
I x 10' Ne/cm* is comparable to the range of the ions, 
excitations created over the whole excitation volume 
may contribute to the yield. This can probably also 
explain why no moiecular effect is observed in the case 
of solid Ne. As sputtering is not caused by excitations 
close to the surface, no enhancement of the yield is 
seen when the molecules dissociate at the surface. 

We acknowledge R E Johnson for discussions and 
valuable comments. We thank as well A. Nordskov and 
B Sass of the technics' staff for their competent 
assistance. 
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Sputtering of solid N2 and 0 2 has been performed with electrons in the keV regime by means 
of a quartz microbalance technique. Good agreement is found between the sputtering yields 
obtained with this and the emissivity-change method. O, sputters more efficiently than N2. 
although these solids are very similar in their physical properties. The yields are almosi propor
tional to the electronic stopping power of the primary electrons. Different models for electronic 
sputtering of solid condensed gases are discussed and compared with the results. For low 
excitation densities predictions are attempted on the basis of a simple collision-cascade model 
where the low-energy cascades are generated by kinetic energy release from electronic decolla
tions 

1. Introduction 

The sputtering of solidified gases has been investigated by a number of 
groups. The challenge in this connection has been to identify the mechanism 
behind the sputtering process [1-3]. Sputtering of surfaces of condensed gases 
plays an appreciable role in astrophysical problems (4]. In technological 
problems such as cryopumping in radiation environments (he phenomenon has 
also turned out to be important [5]. 

A variety of solidified gases has been investigated. These range from the 
rare gases Ne [6], Ar [2,7], Kr and Xe [8], diatomic gases H2 [9-11], D2 [9-12]. 
CO [1,13], N2 and O, [14,15], to polyatomic gases CO: [16] and H 2 0 [1J. and 
organic compounds [3]. Most measurements have been performed with ion 
bombardment while measurements with electrons as the primaries are more 
scarce. The investigated energies belong to the keV regime in the case of 
electrons and vary from keV to MeV energies for ion bombardment. 

There is overall agreement that the electronic processes play a major role for 

* Present address: Max-Planck-lnstitui fur Plasmaphysik. D-8046 Carching bei M'unchen. Fed. 
Rep. of Germany. 

0O39-6O28/86/SO3.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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the large sputtering yield observed for these volatiles [1.3.16-18]. Usually the 
standard sputtering theory used for metals and semiconductors [19.20] predicts 
a yield for incident ions that is up to several orders of magnitude too low. 

When the density of electronically deposited energy by the primary is very 
low. one would expect that the sputtering results from electronic and vibra
tional transitions in mutually distant molecules or atoms. At high densities 
caused, e.g.. by bombardment by medium-mass MeV ions, one has to include 
the interaction between adjacent ionized or excited target particles. As a matter 
of fact, such models have been suggested in the literature on a more or less 
quantitative basis [1.16.21-23] For keV electron bombardment the energy 
density created by the incoming particle is low compared to the density from 
medium-mass MeV ion bombardment. 

The irradiation of nitrogen and oxygen at low temperatures by ions, 
electrons and photons has been studied by several groups, e.g.. refs. [24-24]. 
The sample thickness ranges from monolayers during desorption studies to 
thick solid targets that have been used, for example, for electron range 
measurements. The range for keV electrons in solid N2 and 0 2 was determined 
recently [29.30.34]. and turned out to deviate insignificantly from similar 
measurements on gases [35]. The range of keV hydrogen ions in solid N2 [25] 
turned out to be substantially larger than indicated by the corresponding data 
from gas measurements or theoretical predictions. For solid 0 2 no significant 
deviation was found [32]. The sputtering of solid N2 and 0 2 by MeV ions was 
investigated by Rook et al. [14]. while Brown et al. [15] studied MeV H+- and 
He "-ion bombardment of solid N2. Rosenberg et al. [27] measured photon-
stimulated ion desorption for photon energies around 20 eV. Finally, sec
ondary ion mass spectroscopy was performed by MichI [24] with 0.5-4.0 keV 
He". Ar* and Kr* ions incident on solid N2 and 02 . 

The present work reports on measurements of sputtering of solid N: and 0 : 

by 0.8-3.0 keV electrons. We have studied the electronic sputtering in the 
solids of these two homonuclear molecules. The solids have similar physical 
properties [14.32] (see also table I), and from an experimental point of view 
they are not too difficult to handle. The amount of energy deposited electroni
cally in the two solids as well as other parameters important in sputtering 
theories such as sublimation energy and atomic density are similar. Any 
difference in sputtering yield may then be related mainly to the way electroni
cally deposited energy is converted into atomic motion. 

Whereas Rook et al. [14] and Brown et al. [15] studied the medium to low-
energy density regime by keV to MeV H*- and He+-ion bombardment, our 
measurements provide information on the low energy density regime. Thus our 
measurements complement these measurements, and the trends observed in 
our experiment are found to be in fair agreement with their results. In 
addition, we have investigated carefully the thickness dependence of the 
sputtering yield. Special attention is given to thin films of N2. 
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2. Experimental 

The experimental arrangement and the methods are described in detail by 
Schou et al. [5] and is shown in fig. 1. The experiment is performed with a He 
cryostat. below which the target rrgion is suspended. The electrons from an 
electron gun can either hit the target perpendicular to the surface or be 
deflected into a Faraday cup for measurements of the true current. 

The sputtering yield has been measured by tw. different methods. For the 
emissivity-change method a massive gold target is applied, whereas for the 
frequency-change method, the silver electrode on a quartz-crystal microbaiance 
i:r\cs as a substrate. The thickness of the silver electrode exceeds the range of 
the most energetic electrons. Further discussion of the two methods will follow. 
A film of condensed gas is made on the target plate or silver electrode when a 
jet of cooled gas impinges on it. Usually the film growth rate for the gases 
studied is about 1.5 x 10" molecules/cm2 s. Films of N, or 0 2 can be rapidly 
removed by heating the substrate with an electrical heater. 

The thickness of the film is known from the frequency change of the 
microbaiance. In this way we may also calibrate the gas inlet system when the 
emissivity-change method is used on a massive substrate. With a ccld cryostat 
the temperature of the target Him is close to liquid-helium temperature. A 
further decrease in temperature may be obtained by pumping on the helium 
reservoir. Normally, the vacuum pressure is better than 2 x 10"* Torr with a 
cold cryostat. 

GAS- LIOUID HELIUM 

Jmm 
RADIATION 
SHIELD 

BEAM 

APERTURE-

FARADAY -
CAGE 

BIASED RING 

-QUARTZ CRYSTAL 
SHIELD 

-OSCILLATING 
O'JARTZ CRYSTAL 

- FARADAY CUP 

Fig. 1. Experimental arrangement. The target region. When the emissivity-. hange method n used, 
(he quartz crystal is replaced by a massive target plate. 
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2. /. The emissivity-change method 

This method is based on the following principle: A target irradiated with 
keV electrons will emit a certain number of secondary electrons. A bias of - 4 5 
V applied to a grid in front of the target may suppress the low-energy electron 
emission. Then only elearons with higher energies (reflected electrons) can 
escape. We can define an ek~*ron reflection coefficient IJ as follows: 

i r « ( l - * ) » „ . (1) 

where i„ is the true beam current as measured by the Faraday cup and /, is 
the target current when a negative bias is applied to the grid. 

This reflection coefficient varies with primary energy and target material. 
During irradiation ij changes from the N, or CK value to the substrate value as 
the film is eroded away. For 2 keV electrons incident on silver we found 
IJAJ * 0.36. while very thick films of N ; and 0 : gave the valu* ijN.. TJ0. = 0.15 
ir agreement with previous work (34.36]. 

It is then possible to estimate the fluence necessary f°r complete removal of 
the film and hence the average sputtering yield. The advantage of this method 
is the good thermal coupling between target material and cryostat bottom. A 
sufficient coupling has turned out to be very important in sputtering volatile 
solids. However, the method cannot directly give the eroded area A which 
must be determined in an alternative way. This is usually done by means of the 
quartz microtalance (5]. The sputtering yield from a film of thickness v is 
evaluated from: 

Y(x) = S[d(Ax)/d<P]c. (2) 

Here N is the number density. • the total number of electrons necessary for 
complete removal and r is a constant (= 1) that depends on the geometry and 
how 4> is estimated (5]. 

2.2. The frequency-change method 

Our measurements are mainly based on this method which directly gives the 
sputtering yield in terms of the frequency change of a quartz crystal, because 
this change is directly proportional to the weight loss. In particular, this may of 
course also be exploited to determine total fluences as mentioned above. 

The heal deposited in the target layer by the energetic electrons is conducted 
away mainly through the small silver electrode on the quartz crystal. However, 
a comparison of the results for this method with the emissivity-change method 
ensures that this coupling is sufficiently good. Variation of the temperature by 
heating the quartz crystal or pumping on the helium reservoir as well as 
variation of current density on th* target is used as a means to check that no 
significant thermal component is involved in the sputtering process (cf. section 
3.1). 
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The accuracy of the frequency-change method is generally good. The main 
errors are: (1) Uncertainly in the slope of the linear part of the sputtering 
curve. (2) Drift of beam currents which could hardly be avoided in this 
experimental arrangement. Usually, only measurements for which the drift was 
less than 159 of the initial current were used. A numerical procedure in the 
data treatment system (based on linear interpolation) may partly compensate 
this drift. For thick films ( > 3 x 10'7 molecules/cnr). for which the bulk level 
is reached, the standard deviation in tlie sputtering yield is = 8$. 

3. Experimental results 

3.1. Dependence on temperature, current density and %nd bias 

Measurements were performed in order to study if the sputtering was partly 
due to thermal sublimation. If this is the case one would expect to observe 
temperature and current density effects on the sputtering yield. (The precise 
temperature of the beam spot is not known, since the thermometer is placed on 
the crystal holder close to the electrode.) For both N ; and O- the sputtering 
yield was found to be independent of target temperature between 3 and 14 K. 
Since these temperatures were measured without beam on target, the actual 
temperature of the condensed gas is substantially higher. At higher tempera
tures a significant enhancement of the yield was observed. 

A simple test is the dependence on current density. We changed the current 
density from 1.6 fiA/cm2 to 10 uA/cm : but found no influence on the 
sputtering yield for N : and 0 : . Thus, in order to avoid temperature and 
current density effects, all further measurements were performed with = 5 
uA/cnr at = 5 K. The application of a positive hi is ( + 45 V) did not 
influence the sputtering yield. 

3.2. Results for nitrogen 

Fig. 2 shows the thickness dependence for 2 keV electrons on nitrogen. For 
film thicknesses larger than 2 x 1017 N :/cnr there is virtually no change in the 
sputtering yield around the mean value 1.15 N:/electron. We consider this as 
the bulk value. Below 2 x 1017 N : /cnr there is a very weak increase in yield as 
well as a more pronounced scattering of the individual points. 

A lot of independent measurements have been performed foi the thickness 
2.5x10"' N,/cm. Here, the results would vary between 0.9 and 1.5 N : / 
electron and only the mean value 1.2 N:/electron is indicated in fig. 2. Further 
measurements down to 1 X 10"1 N :/cnr seem to indicate that the yields are 
reduced again for very thin films. This phenomenon is discussed further below. 
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The total fluences for 2 keV electrons as determined by both the frequency-
and emissivity-change method are shown in fig. 3. There is an almost linear 
relation between total fluence and eroded mass leading to the mean value 1.3 
N./electron. The good agreement between the two methods confirms that the 

1 2 3 ( 5 

R.UENCE MO'7 el/cm2) 

Fig. J. Companion of measurements performed with the emissivity-change melhod for a missive 
Au substrate and the quartz microoalancc method. The initial thickness » plotted versus the 
fluencc (we tq (2)). The eroded area estimated from ihe quart/ imcrohalance determined ihe 
fluerne necessary for complete removal of the film. The slope of the two lines correspond to yields 
of 1.3 N?/electron and 2 1 O./electron. 
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results for the microbalance me«hod are not influenced by the relatively poor 
thermal coupling of the quartz crystal. 

The energy dependence of the nitrogen sputtering yield has been measured 
in the electron energy range 0.8-3.0 keV. Fig. 4 shows the result for an initial 
thickness of 4.5 x 10'7 N,/cnrr for 1 to 3 keV. The sputtering yield is a 
decreasing function of electron energy in this energy range. In fig. 4 a 
least-squares fit to the relation >' •• BS* is shown as well, where B is some 
constant and St(E) the Bethe stopping cross section for electrons. We found 
the yields to scale with the electronic stopping cross section or the stopping 
power NSt{ £ ) to a power q * 1.15. 

The pronounced scattering in sputtering yield for thin nhrogen films may be 
explained by the tendency for nitrogen to grow in clusters or b> the crystalline 
slate of the film [37|. It was attempted to investigate this further: Afier 
deposition of a film, the target was healed so that a fraction of the film 
sublimated away. When the average thickness of the film was reduced to 
* 2.5 x 10'* N, /cm\ we then returned 10 normal target temperature. As 
shown in fig. 5 sputtering of the remaining film leads to a lower yield than 
sputtering of a film of the same thickness produced directly (without sublima
tion). When we chose the films to be much thicker after sublimation (2 x 10!7 

or 4 x 10IT Nj/crrr) we did not find any reduction in yield. The reason for 
this could be the tendency for thin nitrogen films to grow in clusters on the 
silver substrate. In that case we perhaps change this cluster configuration bv 
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heating the quaru crystal: By raising the temperature of the film after the 
deposition we make the molecules more mobile on the surface. This favours the 
formation of larger dusters and bare spots on the electrode, and leads to the 
observed reduction in the sputtering yield. For thicker filrcs ( > 1 x 10' 
N : / cn r ) a more homogeneous byer is gradually formed, and ihis situation is 
not changed by raising the temperature. 

Another possibility is that freshly-deposited films are amorphous, reverting 
to crystalline form on annealing. The transition might for example enhance the 
surface binding and lead to »mailer sputtering yields. With thicker films, the 
temperature gradient across the Him during deposition is equivalent lo raising 
the temperature of thin films, resulting in crystalline surface regie is from the 
beginning. 

3.3. Results/or oxygen 

The thickness dependence for sputtering of oxygen with 2 keV electrons is 
shown in fig. 6. The yield decreases from 3.0 0:/electron for the smallest 
me-iured thickness. 1 x 10'* 0 ; / cnr . to 2.4 O./electron for thicknesses larger 
than 2 x 10" 0 ; /cnr . We consider this yield as Ihe bulk yield. The oxygen 
points do not seem to scatter in the same fashion as the nitrogen points, and 
no decrease in yield for film thicknesses of about 1 x 10'* Ch/cnr is observed. 
This may indicate a more uniform film formation of oxygen than of nitrogen 
on silver. 

The measurements performed by the emissiviiy-change method (fig. 3) gives 
>'»2.1 Oj/electroi.. The result is in reasonable agreement with the one 
obtained from the frequency-change method. 
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For die energy dependence (fig. 4) measured with a film dwefcness of 
3.1 x 10|T <X/cnr (ahnost twice the range of 3 keV ctectrorok. we reach the 
same qualitative conchaions as for N.: The yield decreases with energy and 
was found to scale widi the electron«: stopping cross section tc a power 
a * I JO. 

A least-squares fit may not necessarily be the most convincing way of 
testing whether a single power dependence, with a about 1. applies at all. For 
both nitrogen and oxygen sputtering wc have shown, therefore, die relations 
Y/Sr and Y/S; versus electron energy (fig. 7). Fig. 7 indicates an almost 
linear relation between yield and slopping cross section over the whole energy 
range while clearly excluding a proportionality with S .̂ This is an important 
experimental result and win be a substantial point in the following discussion 
of the various models proposed fo* condensed gas sputtering. 

i.4. Companion with other experiments on condensed gases 

The majority of the experiment* on condensed gas sputtering i»ave been 
performed with keV to MeV ion bombardment. Only few data a«\: published 
for sputtering with electrons (5.6.S.9.12.13). Several groups use Rutherford 
backscatiering [2.S.16] for monitoring target thickness, while the first measure
ments performed with a quartz microbalance were reported by Schou et al. (5|. 

A strong dependence of the yield on temperature has been observed for the 
solid rare gases krypton and xenon (8). For 730 keV 4He* ions incident on 
solid argon (2] the yields were temperatur- independent below 24 K and rose 
sharpi> above this temperature. This enhancement was due to beam-induced 
evaporation. For temperatures below 14 K it was also demonstrated that the 
sputtering was apparently not caused by beam-induced evaporation, as no 
current-density dependence was found between 0.05 and 0.5 pA/cnr. Recent 
measurements performed by Rook et al. [14] on N : and O- sputtered by 1.5 
MeV He* ions showed no temperature dependence between 6 and 22 K. and 
no significant current-density dependence was observed. 

The yield dependence on the film ihickness has been measured for solid rare 
gases at MeV ion bombardment (2.7.8) as well. In almost ail cases the yield 
increased with ihickness and reached the "bulk" value between 2 and 3 x 10'' 
atoms/cm\ The erosion of xenon on a 2000 A layer of frozen SF, resulted in a 
decreasing yield with increasing film thickness. Such a behaviour has also been 
observed with the emissivity-change method for the solid hydrogen isotopes 
(12). For Ne sputtering with keV electrons the ihickness dependence seems to 
be quite complex [38]. No ihickness dependence was observed for N : 

bombarded by MeV light ions [ 15). 
The experimental results for the energy dependence of the sputtering yield 

by ion bombardment is somewhat more controversial. Reimann et al. (7) 
suggested that the yield for light MeV ions incident on solid argon was almost 
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proportional u> the electronic stopping power. A square dependence has been 
found for water, carbon monoxide and sulphur dioxide exposed to MeV ion 
b«r**rdmmi [2LW.401 

The data of Brown et al. (15J for kght-iofi bombardment of N : -*ve a linear 
dependente of the yield on 5, as long as this remained below 200 eV 
AVmoiecuJe. Above dus value a transitton to a quadratic dependence was 
observed. According to the authors such a behaviour may be correlated to the 
average excitation density in the track region. For electron-induced sputtering 
the data arc more scarce. In the case of carbon monoxide Johnson and Brown 
[221 found a proportionaliiy between a relative electron-induced yield, ob
tained by use of a auadrupoie mass spectrometer, and the stopping power 
squared. With die frequency-change method Schou et al. (3S| have found (hat 
for Ne the yield is almost proportional to the electronic stopping power for 
primary ctcciron energies above 1.5 keV. 

4.1. Models for ekrtroMC s*micruig 

For MeV ion and keV electron bombardment the major part of the energy 
deposited by the primary panicle is expended in electronic excitations and 
ionizations in the condensed gas. while nuclear stopping plays a vanishing role. 
Some of this electronically deposited energy must be convened into atomic 
motion so fast that the translationa! motion of atoms or molecules is initiated 
before the energy is lost to the si.nuunding medium as heat. Atoms or 
molecules ne-r the surface receiving iranslational energy can then overcome 
the small surface binding energy and be sputtered. 

A number of different models for the sputtering oi solidified gases by 
particles depositing their energy in the electronic sloppng power regime have 
been suggested in the recent years. One cannot expert to find one " universal" 
mechanism behind the sputtering process. Besides toe bask differences of the 
irradiated solids, eg., between water ice. other solid molecular gases and solid 
rare gases, the magnitude of the excitation density plays a decisive role. When 
the excitation density becomes sufficiently high, yields nonlinear in the d« -• 
ironic stopping power can be expected (1.16J. 

We can regard this so-called spike regime in two different ways. One way is 
the "ion-explosion" model of Brown et al. (39.411. In this model, the Coulomb 
repulsion of the ions along the track is considered to be the source of ejection 
of target panicles. This demands low mobility of the electrons in the target 
material, because the neutralization probability must be low. This is not 
fulfilled for rare-gas solids but is possible for molecular solids. Another version 
of the "ion-explosion" model was proposed by Haff (23). Ions are assumed to 
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be created at adjacent siles along the track of the primary pamde. In hor 
mutual Coulomb repulsion ibey may acquire enough energy to create a cascade 
of lom-energy secondaries, SOCK of wich may owcomt the surface barrier and 
be sputtered. The yield for both models is expected to be proportional to the 
electronic stopping power squared. 

Let us estimate the effect of such a mechanism in the case of N. or O. The 
maumwm energy input ic a cascade will appear for two adjacent ionized 
mokcules (mean spacing * 3.6 Aj. The resulting energy from the Coulomb 
repulsion £, * 4 eV is of the same magnitude as the avaJabk energy from the 
dbsociatrve recombination which we regard as the imptimni process for 
energy idea* (see section 4.3). The mean spacing between indmdual muza-
tion events is around 50 A for 2 keV electrons incident on N, or O,. so 
normally the energy »berated from repulsion is much less. Thus, this energy 
estimate and the direct proportionality to the electronic stopping power mean 
that ir. our case we do not expect such a mechamim to contribute measurably 
compared to the mechanism considered below. 

Another model is the modified lattice potential model (42). which has 
successfully explained the erosion of water ice and sulphur dioxide by MeV 
ions. As this model demands a band gap C to sublimation encrgv I'. ratio: 
1 < G/L, < 20. we cannot use this model in the case of N : where the G/L„ 
ratio is considerably larger than 100 [43). In the next section we discus« a 
modet, which may explain the electronic sputtering of simple condensed gases. 

4.2. Frm.bthty of a cmKanm-ratcadt mnhomsm 

The applicability of collision-cascade theory for sputtering of solidified 
gases has become more firmly established. One of the difikmiics has been the 
lack of experimental data for simple horaonucicar molecular solids. Further
more, in many cases the excitation density induced by the incident panicle was 
so high thai the mutual interaction between excited or ionized target particles 
complicated the treatment. 

Let us shortly consider some of the recent experimental results. Only ver 
few data are available for sputtering with ions in the low keV regime. 
Sputtering measurements of frozen Xe have been made by Stevanovk et al. 
(44} using 20-10 keV heavy ions (N. Ar. Sb and Bi). i.e. in a regime where 
nuclear stopping is the dominant process. They utilized these results as well as 
previous ones for light MeV ion bombardment to extract the sputtering yield 
induced by nuclear collisions. The agreement between this and the estimated 
yield from ordinary sputtering theory was satisfactory. The sputtering theory 
could also explain the magnitude as well as the energy dependence of the yield 
for water ice bombarded by keV Ne* ions reported by Bar-Nun et al. (45). 

During sputtering or desorpuon [26.46| the majority of the ejected particles 
are neutrals. Irradiation of solid CO by keV hydrogen kms demonstrates that 
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the overwhelming fraction of the sputtered species is neutral CO molecules 
[47]. Also Brown et al. [15] show that almost only N ; molecules are ejected 
from bombardment of solid nitrogen by MeV light ions. Measurements per
formed by us with a positively biased grid did not show any difference to those 
with negative bias. This observation indicates that the ejected particles are 
neutrals in our case as well. 

The data for the energy of the sputtered particles are rather scarce. Boring et 
al. [48] investigated the energy £0 of sputtered SO, and D20 particles for keV 
and MeV ion bombardment where nuclear as well as electronic energy losses 
take place. In both cases an £0~

2 dependence for the sputtered particles was 
found, corresponding to a collision-cascade-like behaviour. Haring et ai. {47] 
indicate that a similar energy distribution for many of the ejected species is 
observed during light-ion bombardment of solid CO. H : 0 and NHV In this 
latter case the energy is primarily deposited in electronic excitations but. 
nevertheless, this collision-cascade-like behaviour is found here as well. Even 
during bombardment of frozen SF,, by 750 eV electrons many of the most 
energetic, ejected species behave similarly [49]. However, one should emphasize 
that the maximum of the energy distribution [47-49] is substantially lower 
than predicted by the collision-cascade theory. On the other hand, we may not 
exclude a significant energy loss to other channels, e.g. vibrational excitation, 
which may lead to a slight distortion of the energy spectrum. 

From the discussion we suggest that for solid nitrogen and oxygen a 
collision-cascade mechanism might be involved in the sputtering process e.en 
when the incident panicle deposits its energy in the electronic stopping power 
regime. The particles ejected are mainly neutral molecules. 

4.3. Fnaluation of the yield from ihe collision-cascade theory 

A substantial difference between collision cascades in ordinary non-volatile 
solids, e.g. metals, and the possible cascades in the condensed gases is the low 
binding energy of the volatiles. In the latter case, the particles that initiate the 
low-energy cascades may be created also by non-radiative transitions of 
molecules or atoms excited by the primary incoming particle. These transitions 
will typically release a few eV as translational energy of the atoms [1.14.16]. 
The ratio EJU0 between the liberated energy £, and the sublimation energy 
U0 of the volatile solid is therefore often not much smaller than that for metals 
bombarded by keV ions. In the latter case sputtering theory [19,20] is success
fully applied. 

When the atomic motion is created from isotropic sources distributed in the 
solid we can immediately calculate the yield from a collision-cascade model. 
The interaction between the low-energy atoms in the cascade is, despite the 
uncertainty involved, assumed to be given by the normal power approximation 
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Table l 
Molecular properties 

A'm (Å-") 

2.21 x 10" : 

2.88 x 10 " : 

U0 (meV) 

78 
90 

W (eV) 

36.2 
32.5 

£, (eV) 

3 
7 

Mr\/t\) 

24.4 
16.2 

Nm. molecular number density [34.S4); L0. sublimation energy per n.ttecule (55]: W, average 
energy deposited per ion pair produced |56): £.. amount of kinetic energy received by the target 
particles per ion pair produceC [14): A. material constant, eq. (3). 

to the cross section used in sputtering theory [20]. As shown in appendix A the 
electronic sputtering yield is given by: 

y = \.\ £. Dc(0)/W (molecules/primary particle). (3) 

W is the average energy required to make an electron-hole pair, and Dc(x = 0) 
is the surface value of the electronical energy deposited by the primary. The 
constant A - 0.042/( SmU0 [A2]), see table 1. s determined alone by the 
properties of the target material, i.e. by U0 and the molecular density Nm= \N. 
A similar approach has been used by Johnson et al. p.6] (see appendix A). 

The distribution Dt(x) of energy deposited in electronic excitations for 
electrons incident on air and nitrogen is known from experiments by Grun [50] 
and Barrett and Hays [51]. The value of 0,(0) is approximately 1.6 NSe(E) for 
electrons on N : or O, in the energy regime under consideration (see. e.g.. fig. 3 
in ref. [52]). 

The prediction (3) can also be compared with existing data on MeV proton 
bombardment of solid N2 [15]. For this case the density Dt(x) of electronically 
deposited energy is constant up to quite large depths and equals the initial 
stopping power NSt{E) of the proton. 

In order to obtain the yield from eq. (3) we require an estimate of the value 
of £„ by considering the relaxation processes in the solid. For MeV He+ ions 
incident on solid N : and 02 Rook et al. [14] suggested that the dominant 
process for the energy transfer is dissociative recombination. We assume the 
energy conversion process to be virtually identical for primary electrons. 

According to Rook et al. the important process for solid N2 is the dissocia
tive recombination N2*(X2£*) + e-»N(4S0) + N(2D°). In the gas phase the 
liberated energy £s is about 3 eV. This suggestion is corroborated by electron 
irradiation experiments that show the presence of N atoms in the ground state 
as well as the 2D" state in a solid N2 matrix [28). The subsequent radiative 
transitions to the ground Mate were observed as well. Rook et al. regarded the 
strong Vegard-Kaplan b̂ nd A3Z* -»X 'Z^ as unimportant for transitional 
energy release, and indeed, recent experiments indicate that the electronic 
relaxation of this state takes place in such a manner that the transfer of excess 
energy to the lattice is minimized [53]. 
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Table 2 
Theoretical and measured yields 

Bombarding 

panicle 

2 keV electrons 
0.8 MeV H* 
1.5 MeV H * 
0.03 MeV He* 

N; 

S. <eVÅ :) 

14.9 
59.8 
39.8 

130.0 

>~. 
0.5 
1.3 
0.9 
2.9 

>««r 

1.2 
1.2 
0.7 

21 

O, 

S,<eVÅ : ) 

16.3 
63.3 
439 

139.8 

>;. , 
1.3 
3.2 
2.2 
5.4 

>~P 

2.4 

74 

St, electronic stopping cross section of the primary particles: Yctl (molecules/primary particle) is 
from (3): >'„p (molecules/primary particle) are the experimental sputtering yields. The stopping 
cross section in the case of electrons is calculated from the Bethe stopping power formula. The 
stopping cross section and experimental yields in the case of H*. He* ions are from refs. (14.57). 

For solid 0 : Rook et al. consider the dissociative recombination 0 :
+(X :rig) 

+ e -»0( ,P)+ CH'D) as dominant. The energy release is about 5 eV in the gas 
phase, and the subsequent quenching of the excited 'D state results in an 
additional 2 eV. The total energy release per recombination then becomes 
£, * 7 eV. 

For solid N: or 0 : there are no indications in the literature of contributions 
from mobile excitons to the sputtering. Diffusion of excitons has been reported 
in some cases but without any characteristic diffusion lengths [28J. However, 
these excitations are different from the ones that we regard as possible sources 
for the energy release. This is indeed consistent with our observation of the 
thickness dependence which may be ascribed to the varying intensity of 
reflected electrons (see below). In contrast an exciton diffusion and decay 
model would, for example, lead to a sputtering yield increasing with thickness. 

The values of the absolute yields calculated from (3) are compared with our 
electron data and the light MeV ion data of Rook et al. [14] and Brown et al. 
[15]. The results are summarized in table 2. The agreement with experiment is 
good for proton bombardment and satisfactory for primary electrons. For He* 
ion bombardment the formula underestimates the yield quite strongly. This is 
probably caused by the high excitation density. The experimental yield for 
bombardment by MeV protons is proportional to (he electronic stopping 
power [IS], i.e. consistent with our assumption of energy release from mutually 
distant sources. As mentioned earlier, this proportionality was observed for 
electron bombardment as well and explained by the dependence on Dt(0). 
which in turn was proportional to the electronic stopping power. 

The cascade model predicts only a thickness dependence of the yield due to 
changes in Dt(Q). "•> the case of electrons this change is weak ai.J caused by 
backscattering of primary electrons at the substrate. This can hardly be 
confirmed in the case of N3 (fig. 2) due to scattering in experimental points. In 
the case of 0 2 the yield seems to increase for thicknesses below half the 
electron range (fig. 6). 
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S. Conclusion 

We have investigated the sputtering of two molecular solidified gases with 
electrons in the energy range 0.8-3 keV. Two different experimental methods 
are used: Sputtering measured from the weight loss of a quartz crystal or by 
means of the cmissivity-change method. We found agreement between the two 
methods. 

The yield for oxygen is almost a factor of two higher than the yield for 
nitrogen. These results agree with measurements performed by Rook et al. and 
are explained by the different amount of kinetic energy available from recom
bination in the two molecules. We found the yields to scale almost with the 
electronic stopping power, which means that sputtering may be assumed to 
take place via ionization events in widely distant molecules for this low energy 
density regime. 

A rather weak thickness dependence of the yields is found, most pro
nounced for oxygen. In the case of nitrogen strong fluctuations in the yield 
around a film thickness of ~ 2.5 x 10" N2/cnr are observed. 

Different models for electronic sputtering are discussed. Sputtering from 
low-energy collision cascades initiated by dissociative recombination can ex
plain our experimental data and existing data for MeV H * ion bombardment 
as well. The model is expected to work only when the density of the electronic 
excitations as well as their mobility are low. 
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Appendix A: Derivation of low-energy cascade sputtering yield from isotropic 
sources (eq. (3)) 

A straightforward application of sputtering theory to condensed gases is 
hindered by the lack of knowledge of some of the important parameters that 
characterize the low-energy cascades (e.g. the sputtering -a [19.20) and the 
low-energy collision cross section). The former difficulty has been overcome 
totally by including the isoiropy of the atoms that initiate the local cascades. 
For the latter parameter we propose to use the power approximation to the 
Born-Mayer cross section used in sputtering theory [20]: 

d o « C 0 d 7 / 7 \ C0-J?rA0fl
2, A 0 - 2 4 - o = 0.219 Å. (Al) 
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where T is the energy transfer between atoms. For the case of a constant 
source density, e.g. SSC{ E)/H\ eq. (3) is already derived in ref. [1?|. 

Let us now consider a more genera! source density De(.\)/tt'. Thi. average 
source density is a slowly varying function of depth compared to the .lomic 
dimensions. The density may be a Gaussian distribution, a decreasing ln.'ar 
distribution or a constant one of finite width. The total yield 

y - O / H O / D . U ) y{.x.(Rzy : )d .v (A2) 

is easily found by means of the contribution )'(*. (R2)x : ) to the sputtering 
yield from a plane isotropic source at a distance .t (eq. (67a) in ref. [19]). The 
three-dimensional standard deviation (R2)1 2 of the low-energy cascades is 
very small compared with the characteristic quantities fo- D{[.v). e.g. the mean 
value or standard deviation a0. We then obtain eq. (3) for the limit (R2)1 2 / 
o D - 0 . 

We have considered atomic cascades rather than molecular cascades in 
order to apply the standard cross section (Al). and to utilize the well-known 
material constant .\ = (3/4s- :KNC„/2)"' in eq. (3). This assumption implies 
that the suriace barrier for the moving atom is l/0/2 (and Li, for molecules as 
usual). 

If we introduce the diffusion cross section for low-energy collisions. 6j = 2 
C„. the yield formula (3) may be compared with a similar expression given by 
Johnson et al. [16) (eq. (3b)): 

r-.A,£,£>c(0)/K'. .\, = (3/8W
:)(odiVm^)-'. (A3) 

Our expression differs by a factor 1/4 from the expression given by Johnson et 
al. This originates from two factors. Firstly, their expression apparently lacks a 
factor 1/2 due to sputtering from isotropic sources and. secondly, they choose 
to apply a diffusion cross section Oj = 2 JV̂  • / 1 for the interaction between 
molecules. For molecular solids such a large cross section will probably 
underestimate the yield. If we include the missing isotropy factor 1/2 in the 
expression of Johnson et al.. the two expressions will agree completely in the 
case of atomic solids (i.e. the solid rare gases). 
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Section VIII. Sputtering of condensed gases 

ELECTRONIC SPUTTERING OF S O U D ARGON AND KRYPTON BY keV HYDROGEN IONS 

J. SCHOU. R. PEDRYS *, O. ELLEGAARD and H SØRENSEN 
Aiioctalion Euralom - Rao Sulional Laboratory. Rao Salman" Laboratory. Pkvsits Depvrlmrni. DK-4000 Rutiild*. Denmark 

Electronic sputtering of solid argon and krypton with the hydrogen ions 6 keV H C and 9 keV H C has been >tudied by means of a 
quaru microbaUnce technique. No difference in the yield per atom was found for diaiomic or triaiomu: ion>. The thickness 
dependence of the yield for both argon and krypton is similar to results reported previously for solid argon irradiated by light MeV 
ions. 

I. Introduction 

The solid rare gases constitute a particular class of 
materials with respect to sputtering induced by light 
particles [1,2]. Several experiments with primary elec
trons, hydrogen and helium ions on films of solid neon, 
argon and xenon have demonstrated that the sputtering 
yield increases with film thickness up to thicknesses 
above 2 x l 0 1 7 atoms/cm- [3-9]. Such behaviour is 
unusual comparer with sputtering experiments on other 
condensed gases or ordinary materials as. for example, 
metals. The reason is that mobile electronic excitations 
created along the trajectory of the primary may reach 
the surface and contribute to the panicle emission. 

In particular, sputtering of solid argon has been 
studied frequently [4.5,7,8,10]. The sputtering yield is so 
large (from 1 to 100 argon atoms per primary) that 
making the measurements is not too dificult. On the 
other hand, experiments with solid argon do not neces
sarily require temperatures close to that of liquid helium 
Another feature which made solid argon interesting is 
the strong luminescence from particle-bombarded argon 
[5,8]. Since sputtering of argon has mostly been carried 
out with MeV protons and helium ions [7.8]. we have 
extended the regime of energy with particles below 10 
keV as primaries. This work contains results for solid 
argon irradiated by keV hydrogen ions, whereas a forth 
coming publication reports sputtering by keV electrons 
[4]-

In contrast, »ery few measurements have been car
ried out for solid krypton [9,10], and no systematic 
investigation of the thickness dependence of the yield 
was performed so far. The present work includes a 
study on the yield from krypton sputtered by keV 
hydrogen ions as a function of film thickness. 

The dominant erosion process at the energies consid-

* Permanent address: Imtytui Fizyki. Univcrsyiet Jagicflon-
ski. PL 30-059 Krakow. Poland. 

0168-583X/87/J03.50 <t Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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ered in the present work is electronic sputtering, i.e. 
sputtering via electronic transitions. The contribution 
from knock-on sputtering may be estimated from linear 
collision cascade theory [11] to below 10%. mainly be
cause more than 80% of the total energy is deposited in 
electronic excitations. 

2. Experimental 

The basic experimental setup as well as the quartz 
microbalance have been described elsewhere [6.12). 

Films from 3 x 10'" up to 1 x 10" atoms/cnr of 
solidified argon or krypton are produced by letting a jet 
of cooled gas impinge on an oscillating quartz crystal 
(fig. 1). The substrate is cooled to a temperature close to 
that of liquid helium. 

Beams of 6 keV H, or 9 keV H,' are extracted from 
a duoplasmatron ion source and selected by a 45° 
magnet. These ions have been utilized, since the beam 
intensity is sufficient, and since the combination of 
these two ions allows us to decide whether or not 
molecular effects arc present. The current is measured 
by deflecting the beam into a Faraday cup. The beam is 
swept horizontally and vertically over an aperture in 
front of the target, thus ensuring a homogeneous irradi
ation of a large part of the target area. As in the case of 
electron-induced sputtering we apply a negative bias 
( - 90 V) to an open repeller ring in front of the target 
in order to suppress secondary electron emission. 

The current density was below 1 uA/cnr, where 
evaporation caused by beam heating has turned out to 
be insignificant. This current density causes no drift in 
the oscillator frequency. The sputtering yield is 
determined from the frequency shift of the microbal
ance. In a typical sputtering experiment for these solidi
fied gases the frequency change is about 40 Hz. After 
each run the eroded film is thrown away by heating the 
quartz crystal. 

VIII SPUTTERING OF CONDENSED OASES 
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Fig 1 The experimental >tftur 

No systematic investigations of the temperature 
dependence of the yield were performed. However, even 
the much more volatile solid neon showed no depen
dence on the substrate temperature in the present reg
ime and related measurements indicate that the 
enhancement of the yield because of sublimation only 
takes place at temperatures above 23 K. [7). 

3. Results 

The sputtering yield for solid argon is shown as a 
function of thickness in fig. 2. One notes that the yield 
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Fig. 2. Thickness dependence of the yield for solid argon 
Dashed line: average vivid for thick film* 
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increases with thickness up to a value of about 13 
A r / H . 

in addition, fig. 2 demonstrates that 'here is no 
significant difference between the experimental yields in 
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Fig 4 Comparison between experimental results for argon and 
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argon atoms per hydrogen atom for 9 leY H,' and 6 
keV H. In fig. 3 the dependence on thickness is shown 
for solid krypton bombarded by these ion> The sputter
ing yield increases with thickness as well, but the data 
indicate rhat the saturation thickness may be slightly 
larger for krypton than for argon. 

4. Discussion 

The thickness dependence of the yield demonstrates 
that electronic excitations created along the track up to 
quite large depths contribute to the yield. Since these 
excitations in solid rare gases are largely mobile, and in 
some cases even have been ascribed a characteristic 
diffusion length [13]. one may expect that a consider
able fraction of the excitations deexcite close to the 
iurfxe. By such a deexcitation sufficient energy (1-2 
eV) is released for atomic motion, i.e. for the eventua' 
particle ejection from the solid. 

As a fair approximation one may assume that the 
molecular ions H.' and Ht* will dissociate upon impact 
under an equal sharing of e-^ev. Such a multiple 
impact could increase the density of excitations locally 
near the region of impact compared with the incidence 
of H' with equal energy per atom. In a material without 
mobile excitations such an impact of a molecular ion 
might lead to an enhancement of the yield per incident 
atom. However, since excitations from the whole excita
tion volume may contribute and since these excitations 
do not interact mutually, no enhancement of the yield 
per hydrogen atom occurs. 

The absence of any molecular effect is in complete 
agreement with the recent results for solid neon 
bombarded by hydrogen ions as well [6]. This behaviour 
reflects the fact that the production of mobile excita
tions by disintegrated molecular ions takes place at all 
film thicknesses from the surface up to the complete 
penetration distance in solid neon. A similar observa
tion has been made by Ollcrhead ct al. for 1 McV H:' 
ions and 500 keV H' ions incident on solid xenon [9], 

Tl.. thickness dependence shown in fig. 2 is com
pletely similar to existing yield curves which have been 
obtained for McV He' and H' ion bombardment of 
argon with different methods and a: slightly different 
temperatures [7,8]. The behaviour of the yield as a 
function of thickness for 3 keV primary electrons ob
tained at the same setup scarcely deviates from the 
present result [4]. 

The precise type of the mobile excitation in solid 
argon and krypton is as yet unestablishcd. Reimann et 
al. suggest that the mobile species are atomic holes R' 
[8], but photon irradiation experiments indicate that 
molecular excitons R*, arc mobile as well [13]. Another 
possibility for the mobile carrier is a molecular hole R; 
as asserted by Le Comber ct al. [14]. The translational 

energy for the atomic motion is released as the result of 
a dissociative recombination of R: or by a radiative 
transition of the (n » l)-exci:on R* to the repulsive 
ground state [3.8]. The liberated energy is about 1-2 eV 
in the first case, and 1.6 and 1.3 cV in the latter case for 
argon and krypton, respectively [15]. Because of the 
weak binding these deexcitations initiate low-energy 
cascades which ultimately may lead to particle ejection 
from the solid [3.8.16.17] 

Let us consider a mobile electronic excitation without 
specifying the precise type. We apply a constant stop
ping power for the primaries as a straightforward ap
proximation, and assume that the surface is highly 
reflecting for the excitations, in agreement with the 
considerations for solid argon in refs. [3] and (8). The 
interface between the film and the metal is. as usual, 
absorbing [3,4,15]. 

According to the treatment in refs. [4] and [18] the 
yield for a film of thickness d is determined by 

Y(d)- (I - l / (cosh(<// /„))))« (1) 

V, is the saturation yield for thick films, and /„ the 
diffusion length for the excitations The yield curve has 
been calculated for several values of /„ (fig. 4). and one 
notes that the overall shape agrees fairly well with the 
experimental values for /„ = 0.5 x 10'7 Ar/cnr and /„ 
-0.65 x 1017 Kr/cmv However, the value for krypton 
is considerably more uncertain because of the relatively 
few data points. The constant stopping power ap
proximation is questionable for krypton, since the diffu
sion length is comparable to the projected range of the 
primaries [19]. Nevertheless, we consider the result as a 
useful indication of the proper value. For solid argon 
the projected range is about 2.5 times larger than /,,. 
and the approximation correspondingly better. 

The contribution from hydrogen atoms rcflcctc • from 
the metal substrate has been estimated to be below 15% 
of the total yield on the basis of the treatment for thin 
films in ref. [3] and existing lata for the energy spec
trum of reflected protons (2J) Then the determination 
of the diffusion length is only very weakly influenced by 
tne contribution of backscattcred primaries. 

The present value of the diffusion length ( - 190 A) 
for solid argon agrees very well with the ones obtained 
by Reimann et al. for MeV light ion bombardment. 
These authors determined a similar value. /„"(190 + 
40) A, whereas the results from Besenbacher et al. [7] 
indicate a somewhat longer length. The value from 
electron incidence is in fair agreement with the ones 
obtained for ion bombardment as well [4,18], 

The present value of /„ is considerably larger than 
the diffusion length for the (n - l)-exciton determined 
from photoemission experiments with a value of /„ - 120 
A [13]. However, recent measurements ol the lumines
cence from the decay of this exciton from a vibrational 
excited state, i.e. the W band, indicate that the diffusion 
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length may be enhanced up 10 about 1000 A for films 
produced in a particularly careful manner [3]. 

The values of about 0 5 x 1 0 r atoms/cnr deduced 
for solid argon and krypton are smaller than that for 
solid neon which • determined to be approximately 
1.0 x 10" Ne atoms/cm' [3.6]. This difference between 
neon and the other solid rare gases has been established 
in photoemission experiments as well [13]. 

5. Conclusion 

The thickness dependence of the sputtering yield has 
been investigated for solid argon and krypton 
bombarded by molecular hydrogen ions. The diffusion 
length for argon 0 5 x 1017 atoms/cnr agrees well with 
the length obtained for other primary particles. For 
solid krypton the diffusion length for the mobile excita
tions has been estimated to be 0.6S x 10'7 atoms/env. 
However, this value is somewhat uncertain in view of 
the limited number of data points. 

No enhancement in the yield per atom was found for 
triatomic relative to diatomic ions. This observation 
confirms the assertion (hat excitations from the com
plete excitation volume may contribute to the yield. 

R. Pedrys is grateful to Rise National Laboratory 
for the hospitality he enjoyed during his stay. 
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Section VII. Frozen gas sputtering and charge transfer at surfaces 

spurratiNG OF FROZEN GASES 
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ParttdCHadaccd eroswo of boaca gases lakes place as beaas-iadoccd cvaporauoo as «eU a> spuuerrcg At soffWicniN k » 
waayi iMTo tbx-tioaat Of knock-on spattering is cot donaaani aarchaariai for panicle ejection. Kjwck-oa sputtering nw. largely bc 
coaapartd to ordinary sputter .at of aeiab. although the yields are much kicker ror i ce than (or metals became of ibe lo*> surface 
bmdiag energy. Ekctroaic spvtatnac exhibits large deferences from the sobd rare cases 10 the solid diatomic bonoauclcar cases or 
ibe solid bciefoaMclear •kohcafaa' C***T 

Ten years ago the basic knowledge in the sputtering 
of frozen gases was scarce. However, the subject has 
developed rapidly and has been studied systematically 
in many respects. Whereas several current review articles 
exist on erosion of condensed gases by energetic par
ticles [UJ, particularly by keV and MeV ions [3-5J. 
only very few measurements of particle sputtering or 
photon sputtering were carried out before 1?T8 (6-12]. 
Nevertheless, condensed gas erosion was recognized as 
playing an appreciable role in several areas, although 
reliable laboratory data almost did not exist ten years 
ago. The improved knowledge of the basic erosion 
processes has recently been demonstrated in a number 
of reviews on the erosion of icy surfaces in interplane
tary space [13-15]. The erosion of pellets of solid hy
drogen and deuterium injected into plasma devices has 
been summarized by Chang et al. (16] and Milora [17]. 
although the effect of the impinging high-energy par
ticles has not been fully incorporated in these reviews. 
Finally, one may consider charged-particie or photon 
impacts on cryopumping surfaces in ultra-high vacuum 
devices (9.18). 

The solidified gases included in the present work are 
all room-temperature gases apart from water ice. The 
type of binding ranges from weak Van der Waals for 
the low-temperature solids to more complicated ones, 
for example, for water ice. The surface binding energy, 
characterized by the sublimation energy is as low as 7 to 
14 meV for molecules of the hydrogen isotopes (19], 20 
to 170 meV for the solid rare gases (table 2). and 80 to 
520 meV for the molecular condensed gases from solid 
nitrogen to water ice [3). 

These frozen gases are all electrical insulators with 
electronic band gaps from a few eV up to approxi
mately 21 eV for solid neon. Because of the lack of the 
electron contribution to the thermal conductivity these 

0168-583X/87/S03.5C © Elsevier Science Publishers B V 
(North-Holland Physics Publishing Division) 

solids are also poor thermal conductors, with the heat 
deposited by the beam particles conducted away from 
the impact area comparatively slowly. 

Before considering the consequences of these proper
ties let us briefly discuss the different types of erosion 
(fig. 1). At elevated target temperature or at high beam 
current densities beam-induced evaporation is the pre
vailing mechanism. In contrast, at sufficiently low- tem
peratures and current densities the dominant particle 
erosion mechanism is sputtering, i.e. target particle ejec
tion as a result of singk-panide impact events. 

The low binding energy means that the erosion yield 
for both beam-induced evaporation and sputtering is 
very large compared with yields from metals, for exam
ple. The lack of free electrons in the frozen gases means 
that the energy deposited in electronic excitations may 
be converted partly to translational energy of the target 
particles, and »ill contribute to sputtering. The yield 
from this component in sputtering, the electronic 
sputtering (fig. 1). may even exceed the yield from 
ordinary (knock-on) sputtering by several orders of 

Beom. induced knock-on electron* 
evoporolion sputtering, Sputtering 

solid ror* oosos homonucleor heteronudeor hydrogens 
(Mt 4r.Kr.Xe) «osesW,.0j) oo»esfC0.H,0 I H , 0 , 

SOJ.CH, . I T,.H0 I 

Fig I Schematic survey of the erosion protcw. 
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Finally, these chxtncal uuutatoo charge up 
casuy during chargcd-parucle inadtauon. so thai court-
lenaeaswrcs frequently have to he taken during the 
experiments. 

I« ike present work the maw emphasis »ill be given 
to the general aspects of sputtering as well a> the 
electronic sputtering of solid rare gases ami the solid 
homonudcar. dsatomie gases. SpMicnag results from 
the soM hydrogens will not be inrkjdcd. as die mecha
nism for sputtering is Mill poorly kaown. 

M O M of the experiment* nave been carried out. so 
far. with a standard sct-yp m which a film of the frozen 
gas has been deposited on a tow-temperature substrate. 
In fig. 2 a schematic survey of the most important 
measured quantities is shown including a number of 
parameters which influence the yield. The thickness of 
the irradiated fibn ranges from has than 50 A up to 
more than 1 mm The primaries have been electron« of 
energies from a few eV up to 3.5 keV as well as a 
number of ions (from H ' up to Xe* and B i ' ) from 
about 1 keV up to 25 MeV. The temperature of the 
substrate has been reported to be below 4 K in some 
csperimcnis with the most volatile ices, but experiment* 
at more than 100 K have abo taken place for the lea« 
volatile ones. 

The overwhelming majority of the emitted particles 
are neutrals. Usually, the charged fraction is hardly 
measurable f4JO- 22). So far. the largest ion fraction 
( - 0.1) has been reported for ion-bombarded solid hv-
drogen [23). Nevertheless, the secondary ions have been 
well studied, because of the extreme sensitivity with 
which the ions may be detected (22.24.251 Also the 
emission of electronically excited atoms has been ob
served (26). 

•Annular *Slf*ul-on.> 

III • t + 

BEAM \ 

IE.*,. M \ 

^Mot* Spyefru* ?7/ 

nu* or-
(C0N0ENSC0I 

CAS 
SUUSTnAt* 

T 

lU??"**4.*!**.' 

Lp to now lb? trmum i«*r } has been determined 
in several ways. The two most accurate methods are the 
Rutherford backscatienag analysts <RBS> of the re
maining film area density, or measurement of the m-
stantaneous fdm tbjckacu by the frequency change 
from a quartz-crystal nurrnhihare The RBS analysis 
has been apphed by the groups at A T * T Bell Lab. 
[27.;si. m Århus [20L m Chaw R i m [2*L m Harmltoa 
(30). and m Pasadena | JIL The freaaency-change method 
has been used by the groups at R » (21 J 2 | and m Salt 
Lake City |22L Abo nwasuremeats directly by quadro-
poie mass spw.uomeiers wMh a rchahk cahhritiow pro
cedure have turned <̂ rf to be impnmnt (at A i 4 T BcB 
Lab. [4 .3 | and in T d A«iv [33p Moreover, the rcmam-
ing (dm area density has been dt, manned from the 
energy loss of fast-charged panicles from a radioactive 
source on the substrate surface m ChariotKsviac [34L 

In addition to these measurements of the instanta
neous tlackness or the number of sputtered parti.les a 
variety of methods, m which some signal from the film 
or substrate is monitored, have been introduced These 
methods have been developed to different levels of 
accuracy, and in general it is very difficult to measure a 
thK-kness-dependcat yield [32). At RJSO the change in 
the current of die reflected electrons during the erosion 
was utilized [32J5L whereas secondary ions were moni
tored in Tempe (25L tYdaaiaary results have been 
obtained by using the mass signals in Amsterdam [36|. 

The emrp aVuriiurmi ( d V / d f , ) ^ of the ejected 
panicles at a fixed sobd angle C, has been determined 
by a timc-of-fbghi method in Amsterdam [37L at A T & T 
Bell Lab and in Charlottesville [3*L The angular Astri-
buiK.i ( d r / d S , ) has apparently not been systemati
cally investigated yet. 

TaMel 
CemparaMc data' 

Praiury mi 

1 J MeV He" »' 
l 5 M e V H e ' * * 

4 k e V N r ' " 
4 k e V N r - « ' 

4 k e V S e ' * 

4 k e V N e * " 

lOkeVNc* '• 

Target 

Ar 
Ar 

Ar 
Ar 

H .O 

H.O 

D.O 

Y M M 

44 
4J 

7*0 
•30 

114 

9 0 

7.» 

Laboratory 

Arbus 
ATftTBcS 

Sail Lake City 
K M 

Tcnpff 

T d A w 

Chariot tcsviae 

Comments 

Ref [2©[ 
Ref [2S| 

Ref. [22| 
Ref [421 

Ref.|25| 
# - 4 3 # 

Rcf [331 
» - 4 0 * 
Ref|43J 

# - 0 * 

Fit 2. Schematic survey of the experimentally studied quanii 
ties in an criuuon experimeni 

*' Cone ihe accuracy consult the references 
M RBS method 
" Frequency-change method 
* SIMS method f is the angle of incidence 
" M m spectrometry 
'' Energy loss measurements 
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! fig. 3. wbkb mchntts soW rare fasts as weB as 
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dK yield increases sharply 
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pk is moth lamer Car saanhnr dmbdc (0J7 cV) 
du* Car acnoa (0,1*4 eV). The bebavioor of me yield 
from soW carboa dmide has her« captained by die 

i eaeifas for oWlosio« (47). 
The aeaeni bchavioor win the large increase at 

elevated tempt wares b a coascajecncc of die low bind-

by die law-tcmperatare spike model of Sgmaad ct aL 
(4M9L The Mai yield TM is a sat« of die ordinary 
low-ntmpcratorc yarn! Y (from chvifomc spottcrmg or 
kaock-oa »pMiehRf) aad a iera» daw iccoanu for die 
yield increase by < 

0) r~-r+)[*iTm*AT<„)-+iTm)\. 

wane S b dK carrcM density. Tm die lempcrsterc of 
die anmieai target, and ATm tut average umpujiuu 
rise of die largci as die rook of beam healing. The 
evaporation rate (number of atoms evaporated per anil 

•)HMq 

(2) 

or ATm from 
Tm*ATm en-

(A b a conitani 

AlofdKi 

by an external heater. Ilowcm. a very cJfkicM way of 
heating may be oataiatd by increasing die carrcnt den
sity. Ussaty. ant jptHring »pcriminii arc performed 
below a corrcnt density dnesaoid m a regime where die 
yield is independent of dK carrcnt density. A strong 

fm high i muni ihaiiwi an nhitncil ti) 
ct aL from sobd neon (32L This effect »as 

I by dK increase of AT* m eq. (1) as a result 
of I 

Spattering of wwnritors may be characterized as 
• spattering (roBjiionil ipancrmg) or electronic 

ipatiering as indicated in fig. I. Knock-on spatiering b 
very we! known from ion hombirdmtai of metals, li 
may be described as a scojwcncc of events, in which 
target particles arc set in motion, from die first collision 
between dK primary and a target atom ap to an e*cn-
wal particle ejection as dK rcwh of coflisiom between 
slow target particles (fig. 4). The main features of 
knock-on sputtering for sufhcicMly smal energy densi-
lies arc well predicted by the linear collision-cascade 
theory (3&S1L The badnpottering yield Y from a plane 
surface b given by 

é{T)'AT^tKp{-lWk9T) Y-AFo(E.0). (3) 
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KNOCK - ON SPUTTERING 10' 

ELECTRONIC SPUTTERING 
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Vacuum Surloce Solid 

o Target partiel« 
o— Moving target particle 
9 Electronically excited particle 

Fi£ 4. Schematic survey of knock-on sputtering and electronic 
sputtering. The cases shown represent low excitation (colli-

sional) densities. 

where FD{E, x) is the spatial distribution of energy 
deposi'.:d into nuclear collisions by the primary of 
initial energy £. The constant A «l/(4n2NC0U0) de
pends only en the properties of the target material, the 
sublimation enc.gy U0 and the atomic density N (C0 • 
1.81 A2). The surface value of the deposited f.nergy 
(jt - 0) is often expressed by the nuclear stopping power 
NSn(E) for the primary particle and a dimensionless 
parameter a: 

FD(E,Q)-aNSn(E). (4) 

a is a function of the mass ratio of the beam and target 
atom mass, and a slowly varying function of the energy. 
(We consider here and in the fr" jwing only perpendicu
lar incidence.) The energy distribution of the sputtered 
particles, which explicitly enters into the evaluation of 
A, is determined by 

dy/d£, - * , £ , / ( £ , + l/0) 0) 
where k, is a constant (see ref. [SI]) and £, the energy 
of the emitted particle. For large energies the energy 
distribution exhibits the well-known £ f 2-tail, and for 
small energies a maximum at £, - V0/2. 

Knock-on sputtering is important for the energy 
regime in which nuclear stopping is dominant. This is 
shown in fig. S for He ions incident on nitrogen. The 
stopping cross section S(£) - |d£/d< \/N for the gas 
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Fig. 5. Stopping cross sections for helium ions in gaseous 
nitrogen [52..'3). The corresponding sputtering regimes for 

solid nitrogeri are indicated below. 

phase has been utilized [52,53]. although the electronic 
stopping cross section in the solid phase might be 
somewhat smaller than the one for the gas phase [54.55], 
For the large energies the elect rev. stopping cross 
section exceeds the nuclear one by more than cue order 
of magnitude. The corresponding sputtering in this re
gime from insulators [20,27,36,57] turned out to be 
strongly correlated to the electronic stopping cross sec
tion. In fact, this connection has encouraged the use of 
the phrase "electronic sputtering". Fig. 5 shows that 
thjre is a transition regime as well, for which the 
sputtering yield consists of comparable knock-on and 
electronic contributions. 

The combination, helium ions incident on nitrogen, 
is a particular example for which the contribution of 
fast recoils to the electronic sputtering is very small. For 
many combinations, : here this contribution is signifi
cant, a convenient starting point is the deposition of the 
total energy £ of the primary into nuclear collisions or 
electronic excitations: 

E-j 0{E,x)åx + JDt(E,.<)dx 

- » < £ ) + ! , (£ ) . (6) 

Dc is the spatial distribution of energy deposited in 
electronic excitations, v and n are consequently, the 
energy which ultimately ends up in atomic motion or 
electronic excitations, respectively [58]. In eq. (6), v 
represents the energy which is available for knock-on 
sputtering, and n the energy for electronic sputtering. For 
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keV electron bombardment • is negligible, and. there
fore, the sputteiir>f> is purely electronic. 

Let us now return to the question of how well the 
linear collision-cascade theory' works for frozen gases. 
The surprising experimental result is that practically all 
spectra show large energy intervals with the characteris
tic £," 2-behaviour [36-38.40.45.59-63) except for some 
components of heteronuclear molecules [36.37.62]. This 
shows clearly that a fraction of the yield originates from 
linear collision-cascades. Of tourse. this is expected for 
knock-on sputtering. However, this behaviour is ob
served also for beam-particle/target-material combina
tions for which the energy deposition evidently is elec
tronic, e.g. 1.5 MeV He* ions incident on water ice [60], 
A convincing demonstration of similar behaviour has 
been suggested by Pedrys for 6 keV H * ions incident on 
>olid argon [63J. This case is a clear example of elec
tronic sputtering alone [f.MJ. In fig. 6. E\'\dY/ 
d f , ) " ' 7 ' is depicted as a function of the energy £,. If 
eq. (5) holds, then the data points should be positioned 
on a straight line. Since this actually is the case, one is 
led to the conclusion that linear collision-cascades un
der certain circumstances play a vary large role for 
sputtered particles of low-energy during electrons 
sputtering as well. 

These experimental results as well as previous con
siderations on low-energy cascades in frozen gases [65] 
have demonstrated the feasibility of a collision-cascade 
model also in these materials. In the model by Ellegaard 
et a), (/lj the electronic sputtering yield Y is determined 
by an expression in analogy to eq. (3): 

Y-\ADt(E,0)(Et/W). (7) 
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Fig. 6. Energy spectrum of ejected Ar atoms from solid Ar 
bombarded by 6 keV H ' ions |MJ. / ^ ' ( d V / d / . , ) ' " i> 

plotted versus the kinetic energy £, of the emitted panicles 

£> is the nonradiative energy release from electronic 
deexcitations. and It' the energy required to make an 
electron-hole pair. Let us then consider how this 
sputtering takes place (fig. 4). As a result of the 
slowing-down of the primary particle atoms or mole
cules are ionized or electronically excited. When these 
excitations deexcite. e.g.. by dissociative recombination, 
the liberated energy £, may be sufficient to initiate a 
low-energy cascade. Since these nonradiative transitions 
are completely isotropically distributed (as indicated in 
fig. 4) in contrast to the knock-on case, one arrives at 
the factor A in eq. (7) [21]. The formula is based on the 
assumption that the energy £, is released (in a single 
event) per electron-hole pair, but extensions of eq. (7) 
are straightforward. 

For the simple case of a light MeV-ion one has as a 
very good approximation that the surface value Dc( £. 0) 
is equal to the electronic stopping power SSt( E). For 
electrons the surface value is somewhat larger than 
NSt(E). cf. section 6. 

Eq. (*<; is very similar to the expression indicated by 
Brown et al. [2] and Garrison et al. [66]. (These authors 
do not include the .iotropy factor 1/2 and utilize a 
different material constant [2.21]). As discussed in sec
tion 6 the formulas give a satisfactory prediction of the 
yield for low excitation densities from for example keV 
electrons or MeV protons. 

Eq. (3) and (7) now enable us to estimate the ef
ficiency of the sputtering, i.e. how well is the energy 
deposition Fn or Dt exploited for the production of 
sputtered particles? Electronic sputtering is clearly a 
factor of \{ EJW) less efficient than knock-on sputter
ing. For solid nitrogen, for example, this quantity is 
about 0.04. 

The simple formula (7) is inapplicable to materials 
with mobile excitations, for example, as solid rare gases, 
but extensions of the formula arc available [67], Gener
ally, for the hcteronuclear molecules the energy-releas
ing processes as well as the value of £, arc not sys
tematically known. For water ice. Chriscy et al. recently 
pointed out that the efficiency of electronic sputtering 
might be as large as for the knock-on sputtering [43]. 

Electronic sputtering has been observed for other 
insulating materials than frozen gases, e.g. alkali halides 
(68). The main reason for the occurrence of this particu
lar type Oi" sputtering is the existence of repulsive states, 
from which kinetic energy for the ejection process is 
available. However, this means that the energy conver
sion strongly depends on the specific material, and that 
one cannot expect to find a single "universal" mecha
nism for the electronic sputtering. For metals the 
beam-induced electronic excitations do not generate any 
repulsive states for the atoms because of the fast relaxa
tion of the free electrons. Consequently, electronic 
sputtering docs not take place from particle-bombarded 
metals. 
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The considerations on collision-cascade sputtering in 
this section apply to cases in which the energy deposi
tion by the primary particle is relatively small. For high 
excitation densities one reaches the elastic spike regime 
for knock-on sputtering [5.51.69-71] and an ionization 
spike regime for electronic sputtering. These regimes are 
characterized by the creation of dense cascades, in 
which the moving particles have a large probability of 
striking other target particles that already have been set 
in motion. Examples of ionization spikes have been 
reported for medium-mass ion bombardment of water 
ice [72.73]. and sulphur dioxide [31] in the MeV regime. 

5. Knock-on sputtering of frozen gases 

This topic has recently been treated by Pedrys [5] 
and will only be briefly described. As mentioned in the 
general survey a majority of the existing spectra show 
the characteristic £ f 2-behaviour [37.38.40.45.61,62]. 
This does not mean that all spectra agree consistently 
with the linear collision-cascade predictions For exam
ple, in many cases the yield exceeds the theoretical 
value by more than one order of magnitude and. the 
maximum of the spectrum is far below the expected 
value at £, = U0/2. Nevertheless, it means that a linear 
collision-cascade is responsible for the particle ejection 
at an early stage of the sputtering process. 

Many of the results obtained for knock-on sputter
ing have been compared to the sputtering formula for 
linear collision-cascade theory (eq. (3)). As an overall 
trend the agreement is satisfactory as long as the (colli-
sicnal) excitation density is small or the sublimation 
energy correspondingly large [2.5,25.30.33,34,43,60,61]. 
(An observation of a very high yield from the solid rare 
gases for very small fluences leads, however, to a clear 
disagreement [34.61]). 

The high yields and the discrepancy between the 
observed maximum of the energy spectra and the linear 
collision-cascade prediction may be explained by the 
development of elastic spikes in the solid during the late 
stage of the sputtering process [5]. An alterne i e model 
based on a hydrodynamic expansion has been suggested 
by David et al. [74] and Urbassek et al. [75]. For both 
models the agreement is satisfactory. 

6. Electronic sputtering*, solid diatomic homonuclear gases 

The class of condensed homonuclear gases includes 
primarily solid nitrogen and oxygen. So far, no mea
surements have been performed on solid halides, and it 
is possible that these reactive materials do not exhibit 
simple characteristics as do nitrogen and oxygen. 

Solid nitrogen and oxygen are particularly simple 

cases, because the yield is almost independent cf the 
film thickness, and beta. ..c the energy dependence of 
the yield may well be described by a linear function of 
the stopping power for low excitation densities. 

Measurements by Rook et al. [76] *ith light MeV-
ions incident on both solids indicate that the yield is 
practically constant for film thicknesses from 5 x lO16 

up K 5 x 1017 molecules/cm2. For 1-3 keV electron 
incidence Ellegaard et al. [21] showed that a slight 
decrease with increasing film thickness for thicknesses 
less than one-half of the electron range was caused 
alone *>y primaries backscattered from the substrate. At 
la.ge th.cknesses the yield was constant. This indepen
dence of film thickness demonstrates that no mobile 
electronic excitations are responsible for the sputtering. 

The energy dependence of the yield is shown in fig. 
7. The proton data from Brown et al. [4] are plotted 
versus the stopping power, whereas the data for electron 
incidence from Ellegaard et al. [21] have been plotted 
versus the surface value of the electronically deposited 
energy. Dt(0)= 1.6 SSt(E). The proton data are di
rectly proportional to the stopping power up to about 
10 eV/10" N-aioms/cm2. The electron data are de
scribed by a yield proportional to the stopping power 
with an exponent q slightly iarger than one (<j= 1.15). 
For both projectiles this virtually linear relationship 
indicates that the ejected particles originate from mutu
ally independent ionization events. 

For boti. nitrogen and oxygen the energy conversion 
from electronic energy to translational energy primarily 
takes place via dissociative recombination of the molec
ular ions. For nitrogen the process N2*(X2£*) + e~ -» 
N(4S°) + N(2D°) leads to an average energy release of 
£, - 3 eV. In oxygen a more complex process liberates 
about 7 eV [76], Since this energy release is almost two 
orders of magnitude larger than the sublimation energy, 
low-energy collision cascades are created along (he track 
of the primaries. As usual, cascades close to the surface 
re;ult in particle ejection. 

The calculated yield (eq. (7)) agrees well with the 
proton data, since the data points are reproduced within 
30% (fig. 7). The electron data are about a factor of two 
larger than the calculated ones for DC(Q) «= 1.6/VS, [21]. 
Nevertheless, the formula indicates that the yield from 
oxygen should be a factor of two larger than that from 
nitrogen, since all other parameters, e.g. the sublimation 
energy, stopping power, and W-value, are practically 
similar. This is actually the case for the results for 
primary electrons. (For MeV He-ions with much larger 
excitation densities the yield from oxygen is greater 
than that from nitrogen by a factor which varies from 3 
to 6.) 

Although the predictions from formula (7) or the 
corresponding one by Johnson et al. [2,76] certainly give 
the right order of magnitude, the strong molecular 
binding leads to inavoidable difficulties in the treat-
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Fig. 7. Electronic sputtering yield for solid nitrogen. The yield 
is plotted versus the surface value of the electronically de
posited energy. Electron data for the film thickness 2 x l 0 1 7 

N,/cnr (82); proton data for 3 6 x 1 0 " Ns/cnr (4) Dashed 
line. eq. (7). 

ment. Ellegaard et al. [21] use the well-known 
Born-Mayer cross section, but have to consider the 
cascades as atomic rather than molecular ones in order 
to obtain a consistent treatment. This is in disagreement 
with the experimental observation that the emitted par
ticles are mainly molecules [2]. On the other hand. Rook 
et al. [76] and Brown et al. [2] consider molecular 
cascades, but they have to introduce a cross section 
different from Bom-Mayer to account for the poorly 
known slowing-down processes of the low-energy mole
cules. 

None of the formulas are adequate for the high 
excitation densities, which are produced by MeV He 
ions or by protons with energies below 0.5 MeV. Brown 
et al. pointed out that the transition to a sputtering 
yield proportional to the quadratic slopping power takes 
place at excitation densities, for which the low-energy 
cascades start to overlap [4]. By including a correction 
for the near-surface equilibrium charge stale of the 
incident He ions. Brown et al. [2] managed to get the 
helium results to coincide with the continuation of the 
hydrogen curve for high excitation densities. 

These latter results demonstrate clearly that it would 
be desirable to measure sputtering yields from solid 
nitrogen bombarded by ions heavier than helium. 
Nitrogen is a feasible basis for all investigations with 
medium-light MeV ions, because of the clear linear 
behaviour at small excitation densities and, because (he 
conversion mechanism at these densities is relatively 
well understood. 

It is regrettable that no < .srgy spectra of the ejected 
particles have been measured for solid nitrogen and 
oxygen. Such spectra would unambigously confirm the 
linear collision-cascade nature of the sputtering process. 

7. Electronic sputtering: solid rare gases 

Among the condensed gases the rare gas solids are 
particularly interesting, since the electronic excitations 
in these materials are mobile. The excitations below the 
band gab, the excitons, have recently been treated by 
Schwentner et al. [77] and Zimmerer [78]. whereas the 
mobility of the holes and the "free" electrons has been 
discussed by Spear et al. [79,80]. 

Before considering the mobile species let us briefly 
discuss the decay of these electronically excited states. 
The energy release from these decays may create low-
energy collision-cascades in the bulk and at the surface. 
The sputtered particles originate from the cascades close 
to the surface, or directly from decaying molecular 
excitons or holes at the surface. 

Although most of the transitions in the rare gas 
solids are radiative, two transitions are very efficient in 
converting energy from electronically excited states to 
translational energy: Dissociative recombination of the 
molecular hole RJ (i) or a radiative transition of the 
molecular excitons R* to the repulsive ground state (ii). 
For argon a simplified scheme is shown in fig. 8. The 
dominant transition in all heavier rare gas solids is the 
M-band which originates from a transition from the 
lowest vibrational state of the molecular exciton R* to 
the ground state. In argon the subsequent repulsion 
leads to an average energy release of about 1.6 eV 
(process (ii)) [28,70,81]. The W-band is the transition 
from a highly vibrationally excited state of the molecu-

'1-2eV 

1.6 eV 
* > r ' 

0 1 2 3 4 
INTERNUClEAR SEPARATION (Å) ENERGY RELEASE 

Fig. 8. Schematic representation of the important transitions in 
solid argon. The energy levels are from the solid. The transi
tions which may lead to energy release arc indicated by dashed 

arrows. 
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lar exciton. This deexcitation is important only for solid 
neon and argon, but the energy release is similar to the 
M-band except for the infrequent transitions close to 
the left-hand turning point with a strong ground-state 
repulsion. The electron capture to the molecular hole 
R2 leads to a dissociative recombination, which in 
solid argon liberates about 1-2 eV (process (1)) [28.67]. 
For both processes (i) and (ii) the energy release is more 
than one order of magnitude larger than the sublima
tion energy of both solid neon and argon. For krypton 
and xenon process (i) may operate in the sputtering 
process as well. 

The behaviour of the sputtering yield from solid 
argon with increasing film thickness d is shown in fig. 
9. One observes that even electronic processes which 
take place at thicknesses of more than 2 x 1017 

1 - Århus 

<£t 0.75 MeV 3He*-Ar 

' i i i i 

\L 3 keV «" — Ar 

0 1 2 3 4 5 
THICKNESS (1017 Af/cm3) 

Fig. 9. The thickness-dependence of electronic sputtering from 
solid argon for different projectiles. The relative yield is plotted 
versus thickness. All yields have been normalized to the 
"thick-film" yield Yx »I. Solid and dashe-4 lines, cq. (8). with 
/ „ - 210 A (1.5 MeV H' [28]) as reference. 0 75 McV 'He-

|20);6kcVHj* and9keVH; |64); 3 kcV c |67) 

atoms/cm2 contribute to the particle yield. The thick
ness lependence is very similar for the different primary' 
particles [20,28.64.67] and for the three laboratories. 
For all cases a characteristic diffusion length of about 
0.5 X 1017 Ar/cm2 (= 210 Å) is derived. 
The thickness-dependence of the yield for all solid rare 
gases is shown in fig. 10 (28,29,46.64]. Only neon de
viates somewhat from the general trend because of the 
slow saturation at large film thicknesses and the strong 
enhancement for thin films. Without considering the 
specific type of the difussing excitation one may de
termine a diffusion length /0 which describes the be
haviour quite well for all four solids [46.67.82]. This is 
made in analogy with the earlier diffusive description of 
the excitons in the lowest state [78,83,84], For solid 
argon, krypton and xenon the diffusion length have 
been obtained from fig. 10 by a tit to the yield formula 

Y(d) = [l-\/cosh(d/l0)]Yx. (8) 

oD °o°° „c. 

I 
Rise 

Kf 

Cholk River 

0 1 2 3 4 5 

THICKNESS (10"otoms/cm2) 

Fig. 10. The thickness-dependence of the electronic sputtering 
yield for the solid rare gases. The plot is similar to fig. 9. The 
solid line indicates the best fit to eq. (8). The values of /0 arc 
given in table 2. References as well as primary particles and 

energies in table 2. 
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This expression has been derived from the assumptions 
that the primary beam produces a uniform excitation 
density throughout the film, and that the surface acts as 
a reflecting bo'adary for the mobile excitations. The 
first assumption is clearly fulfilled for argon and xenon. 
The evaluation of /0 for neon is more complex (46]. 

The diffusion lengths are indicated in table 2 This 
thickness, which for all films is known only as area 
density (atoms/cm2), is converted to ordinary length 
unit (Å) from the tabulated number densities . The 
diffusion length may be compared to the extracted 
values for the diffusion of the lowest exciton states from 
measurements of photoiuminescence yield spectroscopy 
or photoelectron emission [77,78]. The films from the 
optical measurements are of comparable quality, and 
the results are not too different from the sputtering 
results apart from the one for neon. However, this 
agreement might be fortituous. For neon the optically 
determined diffusion length is evaluated with a large 
uncertainly [86]. 

The similar increase in yield with thickness for all 
four solids might be an indication that the dominant 
mobile excitations are similar. A number of suggested 
carriers are listed in table 3. The carrier R* is expected 
to be mobile only in the highly excited vibrational states 
and solely in solid neon and argon. The free exciton R* 
is extremely mobile. However, the free excitons are 
important only in the heavy solid rare gases and prefer
entially in samples of high quality [78.87], The atomic 
hole R * is a possible candidate in all four solids, even 
though the total diffusion length is extended by an 

Table 2 
Diffusion length for solid rare gases 

_ 

Number densiiy " (6 K) 4 54 

110" atoms/cnr) 

Sublimation energy "' (0 K) [meV] 19.6 

Primary particle 2 keV e~ 

Ref [46] 

Diffusion length /„ " [Å] 230 Jl 

Optically determined diffusion length ° [Å] 
Luminescence 
Photoelectr. 2500 

•' Ref. [85]. pp. 770-783. 
bl Ref. [85|. p. 689. 
" Cone, accuracy of the values: consult the references 
d> Model: absorbing surface. 
" Model: reflecting surface. 
'' Diffusion of n •* 1, n' - 1 and n - 2 excitons. Ref. (77). p. 183 

additional diffusion of free excitons or molecular exci
tons. The atomic holes carry out the diffusion by elec
tron charge transfer according to Reimann et al. [28] 
and Brown et al. '88]. The interpretation of the charge 
mobility in terms of molecular holes is based on experi
ments performed slightly below the triple point [80]. 
Since all sputtering experiments have been performed at 
temperatures close to that of liquid helium, we will 
disregard this latter carrier in the following. 

The drastic enhancement of the yield of neon at 
small film thickness is probably not a behaviour that is 
related to the rare-gas properties. This is rather a conse
quence of the high volatility and the interaction with 
the substrate, in which most of the electronic energy 
will be deposited. A similar enhancement has been 
observed for hydrogen ions incident on neon [89], and 
for bombardment of the solid hydrogens by electrons 
and ions [6,35.90.91]. Even for the less volatile solids as 
argon and nitrogen this behaviour has been observed 
for film thicknesses less than 10'6 atoms/cm2 (7.92). 

The dependence on the primary energy for light-ion 
bombardment in the MeV regime of solid argon and 
xenon is demonstrated in fig. 11. No systematic data are 
available for neon and krypton. The data shown indi
cate clearly that the yield for thick films is proportional 
to the electronic stopping power rather than the stop
ping power squared [93]. The model suggested above 
with diffusion of atomic holes or excitons. which is 
based on mutually independent excitations, would lead 
to a constant ratio of yield to electronic stopping power. 
Since this apparently is not the case, Reimann et al. [28) 

Ar Kr Xe 

Tbl IH: T73 

80 116 164 

1.5 MeV H' 6keVHJ l M e V 4 H e ' 
9keVH; 

[28] [64] [29] 

210" 300" 580«> 

40-100 200-250 150-2000 
120 30-300 75-300 

ind ref. [78] 

Risø-R-591(EN) 



J. Schtu / Sputtering of fnizeit gases 197 

Table 3 
Mobile electronic excitations in solid rare gases 

Mobile 
electronic 
excitation 

Type Suggested by Applied on Energy 
releasing 
process 

Rj 

R* 
R* 
R; 

Vibrationals excited 
molecular exciton 
Free exci ton 
Atomic hole 
Molecular hole 

Børgesenetal. {81 ] 
Claussen [70] 
SI 

Reimann et al. [28] 
Le Comber et al. [80] 

Ne. Ar 

Ne. Ar. Kr. Xe 
Ar 
Ne. Ar. Kr. Xe 

<ii) 

(u) 
(•) + (") 
<i) + ( i i ) 

*' See. e.g.. refs. | '7,78] 
61 (i) and (ti) refer to notation in section 7. 

and Brown et al. [88] have suggested that some interac
tion between the excitations takes place for high excita
tion densities. Bombardment by hydrogen ions with 
energies below 10 keV indicates as well that the yield 
from solid neon and argon is practically proportional to 
the electronic stopping power for densities below 20 
e V / 1 0 , s atoms/cm : [5.89.94J. For primary electrons 
with a range comparable to the diffusion length one 
obtains a more complex dependence [46.67]. At high 
electron energies one expects that the yield is propor
tional to the stopping power as well. 

The magnitude of the yield, e.g. in fig. 11. is de
termined primarily by the su: imation energy. Never
theless, one notes thai the yield for 1.5 MeV 4He*-ions 
incident on solid argon is about 40 A r / H e * [20,28] 
compared to about 8 X e / H e * for ions of the same 
energy on solid xenon [29]. Since the sublimation energy-
increases only by a factor of 2 (table 2) from argon to 
xenon, it is clear that the energy release from the 
electronic deexciiation only is half of the magnitude of 
that from solid argon. This observation agrees well with 
the predicted energy release from the ground state re
pulsion in solid xenon [70]. 

However, the choice of boundaries for the diffusing 
excitations determines the magnitude of the yield to a 
certain extent. Only for a reflecting surface is a satisfac
tory agreement obtained between the experimental re
sults for argon and the corresponding calculations based 
on the diffusion model (67.88). Therefore, a reflecting 
surface has been assumed as well for the evaluation of 
the diffusion lengths in krypton and xenon. On the 
other hand, the corresponding use of an absorbing 
surface hardly changes the value of the diffusion length 
by more than 10-15$. For solid neon, the magnitude of 
Che yield is explained, only if one applies an absorbing 
surface as boundary condition, and assumes that the 
surface-trapped deexciting molecules induce further 
sputtering [46,94]. The reason for the different surface 
conditions is not known. 

The knowledge of the energy conversion process has 
been considerably extended by the threshold experi

ments performed by Coletti et al. [41,95]. The sputtering 
of neon and argon by low-energy electrons starts close 
to the threshold for exciton production, whereas no 
strong enhancement is observed for energies around the 
band gap. This is a significant indication that decaying 
excitons (process (ii)) are the dominant energy source 
for particle ejection. 

Another important point for identifying the energy-
conversion process is the observation of a pronounced 
peak at 0.3 eV in the energy spectrum of the ejecfd 
particles for solid krypton bombarded by 6 keV hydro
gen ions [5.63]. Since a similar structure is not shown by-
solid argon, this might be as strong indication of the 
presence of a ground-state repulsion process (ii) operat-
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Fig. 11. The yield-dependence on the stopping cross section for 
solid argon and xenon. The ratio of the electronic sputtering 
yield to the stopping cross section is plotted versus the stop

ping cross section Ar data |W>|; Xe data [29]. 
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ing at the surface. This is in agreement with the experi
mental observation that the decay of molecular exciton> 
in argon at the surface takes place via the W-transition 
(fig. 8) as well (96). 

The latter considerations indicate that it will be 
important to have energy spectra from solid xenon, 
where the W-transition is extremely unlikely. In particu
lar electron-induced spectra will be useful for xenon 
(and for krypton and argon), because one definitely 
avoids the production of "knock-on damage" in the 
frozen gaj. The resulting imperfections act as traps for 
the excitons and reduce the rate of excitations arriving 
at the surface. 

In -'tis connection it would be exciting to study the 
influence of the sample preparation on the magnitude 
of the yields. Coletti et al. [41] demonstrated that for 
argon layers deposited at elevated temperatures the 
fluorescence yield for the W-band saturates for thick
nesses laiger than 4000 A. The corresponding large 
diffusion length compared to the optically determined 
one is a consequence of the improved sample quality. 
These authors correlated the intensity of the W-band to 
the sputtering yield as well, and this has also been 

.observed for argon bombarded by MeV ions. Reimann 
(92] observed that the intensity of the W-band showed 
precisely the same thickness behaviour as the sputtering 
yield. In view of these results one would expect a larger 
yield from "high-temperature" samples than for th; 
films deposited on substrates with temperatures close to 
that of liquid helium. In particular, an interesting ex
periment would be to study the sputtering yield for 
xenon samples of high quality, because the excitons in 
this solid are present mainly as free excitons [78.87]. 

Finally, some experimental results, which may bridge 
the gap between the threshold experiments at a few tens 
of eV by Coletti et al. (41.9S] and the keV electron 
results kt solid argon by Ellegaard et al. [67], are 
desirable, S'jch results would indicate, whether or not 
the models suggested by Coletti et al. for low-energy 
sputtering by electrons have any significance at larger 
energies. 

8. Electronic sputtering: solid heteronudear gases 

This class of frozen gases is primarily characterized 
by the radiation-induced chemical reactions. This means 
that not only the original constituent, but also frag
ments of that as well as entirely new molecules are 
emitted during the sputtering process [33,36,38,39.43. 
39,60]. The formation of these new molecules on the 
substnte means that a nonvolatile residue is left on the 
substrate after the original film has been removed 
[31,39,43,97-101]. However, one should emphasize that 
newly formed molecules also have been observed during 
keV ion bombardment in the "knock-on" regime [96]. 

The energy spectra again show an f,' "-behaviour in 
many cases (37.38.43.59.60.62]. It means that linear 
collision-cascades contribute to the sputtering. How
ever, in contrast to the simple molecular gases as. for 
example, solid nitrogen, the electronic sputtering yield 
has turned out so far to be proportional to the stopping 
power squared for water ice [72], sulphur dioxide (103) 
and carbon monoxide (60]. This demonstrates that the 
sputtering requires the cooperation of two independent 
ionizations. Although it is reasonable to expect that 
excess energy from chemical reactions between frag
ments in the solid may initiate low-energy collision cas
cades, there is no systematic pattern of the sputtering 
mechanism at present in these complicated frozen gases. 
So far. no thickness dependence of the yield has been 
reported for these frozen molecules, but a number of 
transient phenomena have been observed (38). 

9. Conclusion 

The sputtering of frozen gases may not be explained 
on the basis of one "...uversal" mechanism. Although 
there are similarities between knock-on sputtering of the 
ices, the individual differences in the electronic deexci-
tation mechanisms lead to substantial differences in the 
behaviour of the electronic sputtering yield. 
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Abstract. Sputtering of the solid rare gas Ar by 0.8-3.0 keV electrons was studied 
experimentally and theoretically. The argon films were deposited on a quartz-crystal 
microbalance kept at liquid-helium temperature. The yield was determined from the mass 
loss during irradiation. The absolute yield shows a significant dependence on film thickness 
in accordance with earlier measurements on electronic sputtering of solid argon. The yield 
shows a maximum of about 3.0+0.4 Ar/elec. at 1.5 keV. The thickness dependence reflects 
the mobility of electronic excitations created by the primary electrons. The data analysis is 
based on a theoretical treatment for the diffusive motion of these excitations. From the 
thickness as well as the energy dependence of the yield we may derive a characteristic 
diffusion length for the excitations of 200-300 Å. 

PACS: 61.80 Fe, 66.30 Lw, 79.20 Kz 

Sputtering measurements on condensed r : gases 
have been carried out for more than a decade. Data are 
now available for solid Ne [1-3], Ar [4-10], Kr [8-10], 
and Xe [8,9,11,12]. These results are summarized in 
recent reviews [13,14]. 

The primary particles have spanned the nuclear 
stopping regime (keV heavy ions) as well as the 
electronic stopping regime (electrons and MeV light 
ions). In addition, the composition and energy of the 
sputtered particle flux [15-17] have been determined 
in a few cases. In contrast to metals and semi
conductors the condensed gases also undergo signifi
cant sputtering in the electronic stopping regime. In 
the nuclear stopping regime the experimental sputter
ing yields significantly exceed the prediction from 
ordinary sputtering theory for heavy projectiles [8]. 

There are many reasons to believe that electronic 
transitions of excited target atoms or molecules are 
strongly involved in the sputtering process. Sputtering 

* Permanent address: Instytut Fizyki, Uniwersytet Jagiellon-
>;.i, PL-30-059 Krakow, Poland 

** To whom all correspondance should be sent 
*** Present address: Department of Materials Science and 
Engineering, Cornell, University, Ithaca, NY 14853, USA 

demands kinetic energy of the atoms or molecules. A 
repulsive decay may impart kinetic energy to the target 
particles. Models for the production of etchable tracks 
in insulators by heavy fast ions [17] as well as for 
desorption of gases adsorbed on metal surfaces [18] 
invoke the production of repulsive forces between 
neighbouring atoms or between moving atoms and the 
metal. 

The rare gas solids constitute a peculiarly interest
ing class of condensed gases. They serve as a prototype 
material for the large class of Van der Waals crystals. 
The atoms are only slightly perturbed in the weakly 
bound ground state. In an electronically excited 
state the atoms can be displaced towards each other 
forming more strongly bound excited dimers (ex-
cimers). The electronic excitations are furthermore 
characterized by the rich exciton structure for energies 
below the band gap. The band gaps in the rare gas 
solids are much larger than the binding energies of the 
atoms (see Table 1 for Ar), and the free electron 
mobilities are rather high compared to other con
densed gases. The physical properties and electronic 
excitations are extensively discussed in [20-24]. 

Argon is a simple, well-studied system. The atomic 
and molecular transitions following energetic particle 
bombardment are well known, and a close connection 
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cither directly or during the electronic relaxation 
process. Energy can be released in several steps either 
as kinetic energy of the constituent atoms or as 
photons by luminescence. The dissociative recombi
nation provides 1 2 eV while the decay of Ar? to the 
repulsive ground state releases about 1.2 eV as kinetic 
energy [6. 7,17]. (Fig. 1). 

In the present work we shall consider the yield 
dependence on argon Him thickness as well as on 
primary energy for 0.8-3.0 keV electrons. The results 
are analyzed on the basis of a diffusion treatment for 
the mobile excitations. 

1. Experimental 

The experiment is performed with a liquid helium 
cryosiat. below which the target region is suspended. 
The details of the experimental setup have been 
described elsewhere [29.30]. 

The sputtering yield has been measured by two 
different methods. For the emissivity-changc method a 
massive gold target is applied, whereas for the 
frequency-change method, the silver electrode on a 
quartz crystal microbalance serves as a substrate. 

The emissivity-change method utilizes the depen
dency of the number of reflected electrons per primary 
on the thickness of the deposited film. The sputtering 
yield is obtained directly from the slope of the initial 
film thickness plotted versus the fluence necessary to 
erode this film away (see Fig. 2) [30]. It is not possible 

Fig. t. Schematic representation of (he important potential 
energy curves for molecular Ar* in solid Ar. The transition from 
the vibrational̂  relaxed exciton to the ground state (the M band) 
as well as (hat from the highly vibrational̂  excited one (the W 
band) are shown 

between luminescence and sputtering has been es
tablished [5-7, 25-27]. Results in the electronic sput
tering regime obtained by light MeV ions indicate that 
the sputtering yield is more linearly than quadra'.^.ly 
proportional to the electronic stopping power [6,7, ] 3, 
27]. Sputtering by electrons extends the investigated 
electronic stopping regime down to even lower values. 

The release of kinetic energy by electronic deexcita-
tions may produce sputtering, and it has been demon
strated experimentally that both sputtering and lumin
escence are produced during subsequent sequences of 
relaxation processes [5-7, 25, 27, 28]. The mobile 
excitations produced in the rare-gas soiid by the 
excitation and ionization processes may be of different 
types: an atomic exciton K*. a molecular exciton RJ or 
an atomic hole R*. These excitations are produced 

*n 
t/1 

3k«V e -»Ar 

• Ouortz crystoi 
o Mcssiv* Au-substrate 

/ 
/ 

/ 
/ '/ 

/ 
/ . 

/ 

3 / ' 

as 
FLUENCE ll0"«l/cmJ) 

1.0 

Fig. 2. Comparison of measurements performed al 3 keV with the 
emissiviiy change method for a massive Au substrate and the 
quartz microbalance method. The initial film thickness is plotted 
versus the fluence necessary (o erode (he film away. The slope of 
the dashed line corresponds to Vm(ln % 2.4 Ar atoms per electron. 
(The fluence has been corrected for beam broadening, cf. [30]) 

132 Ris«-R-591(EN) 



Spmcnac of Sobd Atpm b> UV Electron* S»? 

to delect any thickness dependence lor solid argon by 
this method, since the reflect ion coefficient for gold and 
silver is fairly similar to that for thick argon films. It is 
well known that the reflection coefficient for a thin 
argon him deposited on gold is very dose to the one for 
a bare gold substrate [30]. Therefore, the i-crease in 
the target current during erosion from the .uiissivity 
change has to be significantly larger than the simulta
neous beam drift. The points in Fig. 2 have been 
obtained for film thicknesses larger than 20% of the 
electron range. The slope of the dashed line indicates 
an average of the yield for the film thicknesses 
investigated. 

The frequency-change method provides us with the 
mass loss per incident panicle in a straightforward 
manner. In this case the thickness of the silver electrode 
exceeds the range of the most energetic electrons. The 
heat deposited in the solidified gas by the energetic 
electrons is conducted away mainly through the small 
silver electrode on the quartz crystal. This is generally 
expected to work less efficiently than heat conduction 
through the gold substrate. However, a comparison of 
the results for thb method with the emisstvity-cnange 
method as in Fig. 2 seems to indicate that this coupling 
is sufficiently good. 

A film of condensed argon is made on the target 
plate or silver electrode by letting a jet of gas impinge 
en it through a precookd gas tube. Usually the film 
growth rate is about I x 10" atoms/cm1 s. The film 
can be rapidly removed by heating the substrate with 
an electrical heater. The thickness of the film is known 
from the frequency change of the microbalance. For a 
massive target the film thickness is determined by a 
calibration procedure. With a cold cryestat the tem
perature of the target film is dose to liquid helium 
temperature. 

A beam of 0.8-3.0 keV electrons - .. either hit the 
target perpendicular to the surface or be deflected into 
a Faraday cup for measurements of the true current. 
The beam is further swept horizontally and venically 
over an aperture in front of the target, thus ensuring a 
homogeneous irradiation of a large pan of the target 
area. The current density was kept below 10 >i A/cm2, 
where evaporation caused by beam heating turned out 
to be insignificant even for the much more volatile solid 
neon [30]. 

A negative bias ( -90 V) was applied to an open 
repdier ring in front of the target. In this way 
secondary electron emission is suppressed, and charge-
up problems are reduced substantially. 

2. Results 

The results obtained on a gold substrate with the 
emissivity change method have been compared with 
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data from the quartz crystal (Fig. 2). In both cases the 
fluence necessary to remove the film has been deter
mined either by the increase in the reflection coefficient 
or by the change in the frequency as described in 
[3,30]. Since this comparison requires a complete 
erosion of the film, only thicknesses up to 2.6 x 10"T Ar-
atomy'em2 have been induded. The fair levd of 
agreement between 0.8 and 2.6 x 10IT Ar-atoms/cm* 
ensures that the thermal coupling of the quartz 
mkrooalance actually is sufficient for "pure" electronic 
sputtering of solid argon. These resulu have been 
obtained by long runs in which the influence of beam 
drift cannot be neglected. Therefore, the points shown 
below are more reliable. 

The experimental thickness dependence of the 
sputtering yield for 3-keV electron incidence is shown 
in Fig. 3. The average yield Y^^ from Fig. 2 is 
indicated as wdl. The overall trend is very similar to 
the results for MeV light ions obtained by Besenbacher 
et al. [4] and Reimann et al. [5-7] as well as for 
hydrogen ions in the keV regime [10]. The yield 
saturates at 2 to 3 x 10'7 Ar/cm* and goes almost to 
zero at small thicknesses. 

The energy dependence in the range 0.8-3.0 keV 
(Fig. 4) resembles the results obtained on solid neon 
[3]. Tiw sputtering yield peaks at about 1.5 keV in 
both cases, but decreases somewhat slower at higher 
energies in the case of solid argon. The sputtering yield 
docs not follow the electronic stopping power of the 
electrons, which is a decreasing function of the electron 
energy in the present regime. This behaviour is very 
different from that of the molecular gases nitrogen and 
oxygen for which the sputtering yield was almost 
proportional to the electronic stopping power [14.31]. 
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FmaRy. the impurity cflcct was investigated by 
miiinf oxygen (-1.0 voL%) and argon before con
densation of the fas. The ykM decreased to about 50% 
of the pure mm value. This result is m very food 

with the data of Brown et aL [27]. 

In the analysis of the experimental results obtained 
with dectron incidence we win consider the full 
deexritation scheme including the dissociative rccom-
biaatioa of the molecular hole as suggested by Johnson 
and Inokuti [24] and Reimann et aL [5.6]. In the 
present work, as in [3], we consider a mobile electronic 
excitation without specifying the precise type or com* 
bination of types. Through self-trapping and decay of a 
mobile excitation near the surface, kinetic energy 
becomes available for sputtering. The dMfcienu be
tween the results obtained by MeV H* and He*-ion 
incidence and electron incidence is due mainly to: V 
unequal deposition of energy in the solid 

The important quantity for a model calculation 
then becomes the density of trapped excitations Eixl If 
this density changes very little over distances from the 
surface within which atomic ejection takes place, only 
the surface value £(0) is needed. The total amount of 
kinetic energy released during the electronic relaxation 
processes is £,~2.7eV per electron-hole pair created 
(Fig. I). We include in this value 1.5 cV as an approx
imation for 1-2 eV from the dissociative recombina
tion as well as 12 cV from the ground state repulsion. 
We consider thb energy quantity as available for a low-
energy cascade similarly to the value of £, proposed by 
Reimann et al. [6]. 

We propose to apply the formula which gives the 
sputtering yield Y caused by a low-energy cascade 

earlier [31] 

Y m 1/2 MOJfh W) £, (atoms electron). ID 

Djfo h the surface value of the density of efcctronicalK 
deposited energy DJxL and » the mean energy for 
creation of an ckxtron-hoie pair [32]. 
4«3A4xxNCv£/a) is the usual material dependent 
parameter, nttcrmmtd by the atomic density S. the 
energy l/# oi the surface barrier, and the standard cross 
section C# for tow-energy ccAsfons between argon 
atoms [?3). 

We have applied the value (/»-tOmeV which 
leads to the best agreement with experimental spectra 
(17). although dus value is sbghtly (es' than the 
subnmaoon energy of 10 meV. 

In the case considered here with mobile excitations 
we substitute dat density of trapped excitations at the 
surface 3 0 ) instead of DJOk'W m the formula 11) and 

12) r -1 /2 y|£(0»£,(Ar-atomv^ekctroo). 

Tms extension of the analytical expression to mobile 
excitations allows us to calculate the sputtering yield 
directly, piovided £f0)can be determined. The quan
tity £(0) may be directly determined when the solution 
to the amnsion problem for the mobile excitations is 

An alternative expression is obtained from the 
result of a computer simulation made by Garrison and 
Johnson [34]. Reimann et aL [5] calculated that a 
denotation releasing a kinetic energy ol £ , * 3.6eV 
within a sputter depth åx of about 10 A may cause an 
average of Aa - 3.2 ejected Ar atoms. With E(x) * £|0) 
for x$6x their yield becomes: 

J «0M»'' *dx (Ar-atoms-primary). 13) 

We have not used this totter expression, but have 
solved the diffusion equation for an unspecified mobile 
electronicexciUlionintbesolidfAppendix A\ Follow
ing the considerations by Schou et aL [3] and Reimann 
et at. [6.27] we analyze the case of a reflecting 
boundary condition. The solution for any initial 
distribution of electronic excitations C(x) can be found 
by integration. C[x) is related to the density of 
electronically deposited energy Djx) throuth: 

Cfx)«/ DJxVW. (4) 

/ is the number of specific excitations per electron-hole 
pair created in the solid, i.e. / »1 for diffusion of holes 
[3]. If the surface is not assumed (o be perfectly 
reflecting, the yield will increase relative to the value for 
a reflecting boundary condition [3. 5.6]. 
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An experimental energy dissipation profile Dc(.v) 
for electrons in solid argon does not exist, and the 
scaling of the Gaussian profile for nitrogen [35] 
applied er ,-r by us for neon [3] does not hold 
accurately for heavier targets such as argon. Everhart 
and Hoff on the o'her hand gave an analytical 
expression for electrons (5 < £ < 25 keV) in solids with 
a similar atomic number [36]. Their results can then be 
extrapolated to our energy regime. The distribution of 
deposited electronic energy (corrected for the energy 
loss because of backscattered electrons) was given by a 
polynomial: 

Dt(x) = a,
0+a\x + a2x

1 + a'3x\ (5) 

with 

a-o = 0.S4E/R„ a\ = 5.6 £/Ke
2, 

flj = 11.2£/R,\ a-3 = 5.\2E/Rt. (6) 

The penetration depth Rt was deduced from Monte-
Carlo calculations of the range profiles of keV 
electrons in similar materials [37]: 

Ke = 6.0£(keV)'4ug/cm2. (7 ) 

The energy density profiles for 1-, 2-, and 3-keV 
electrons in solid argon are shown in Fig. 5. The total 
number of electrcn-hole pairs created increases with 
primary energy, but as the penetration depth becomes 
smaller, a larger fraction of the excitations can reach 
the surface prior to self-trapping. Hence, we expect the 

(KfAr/cnrf) 

0 1.5 3.0 4.5 

e - * A r . R, i6*E(keV)uug»cm' 

0 10 20 30 

THICKNESS lug/cm*l 

Fig. S. Electronic energy deposited per unit depth in solid argon 
by 1-3keV electrons. Solid lines (5) with £ = l , 2, and 3keV. 
Dashed line: Gaussian profile (A 9). rD* 0.375 Æ, and 
G D «0 .34Æ, for 2-lfV electron incidence 

yield to show a maximum as a function of primary 
energy for energies that are not too large. 

The Gaussian profile evaluated similarly to that for 
neon at 2keV (Fig. 5) deviates significantly from the 
Everhart-Hoff profile as expected. 

With the profile Dt\x) from (5), we may find £(0) 
(Appendix A). If we further insert this value together 
with the parameters in Table 1 and the standard cross-
section for low-energy collisions C 0 ^18Å 2 into (2). 
the thickness as well as the energy dependence of the 
yield can be calculated. Two fits with f = \ and 
different values of the diffusion length /0 are shown in 
Fig. 3. The best agreement with the experimental 
thickness dependence is found by applying the value 
/0 x 200 Å. T!..s fit is even significantly lower than most 
of the points for the thin films. However, the effect of 
the substrate-reflected electrons has not been included 
in the model. These electrons cause sputtering also 
when they pass the surface in backward direction. Such 
an enhancement for thin films has been demonstrated 
previously for electron bombardment of solid oxygen 
[31]. This contribution increases the experimentally 
obtained yield relative to the calculated fit for thin 
films. 

The value /0*200A is similar to the result ob
tained by Reimann et al. (/oa=190Å±40A) [5], but 
larger than those obtained earlier in photoemission 
experiments (/0* 120 A) [22, 38]. However, the exist
ing data for all rare gas solids indicate that there is a 
significant difference between the data obtained from 
charged-particle irradiation and the optically deter
mined diffusion lengths [13]. The temperature and 
pressure of die gas during condensation and hence the 
crystal quality of the film might have some influence on 
the exciton diffusion process (and on the diffusion 
length) [22, 26. 28, 39]. However, this effect has not 
been investigated systematically. 

The data for the energy dependence are also fitted 
by curves with different values of l0. The curve with 
/0 a 300 Å apparently reproduces the maximum of the 
curve in the best manner, but the agreement is fair 
above 1.5 keV for the curve with /„ »200 Å as we)!. We 
suggest a diffusion length in the interval 200-300 Å. 
The absolute value of the yields determined by the 
mode! seems to agree with the decay scheme of 
Reimann et al. as well as experiment. 

If we instead choose to apply the less accurate 
Gaussian energy distribution (Appendix A.3) with the 
range still given by (7) and /0~ 200-300 Å, the cal
culated yield deviates significantly from the experi
mental yield. This demonstrates clearly that the analy
sis for solid a gon has to be based on the Everhart-Hoff 
profile rather than the one used for solid neon. 

In the analysis the quantities £„ /, and U0 have 
been determined from arguments independent of the 
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present results. Therefore, it is quite satisfactory that 
these input values lead to fair agreement between the 
theoretical predictions and the experimental results if 
the standard cross section C0 % 1.8 Å2 is applied. We 
have not refined the analysis beyond the present level, 
e.g. by including the effect of a partially absorbing 
boundary as in [5,6]. The present accuracy of the 
input parameters U0, C0, and E% as well as the 
Everhart-Hoff profile means that the value of such an 
analysis is questionable. 

4. Conclusion 

Results for sputtering of solid argon by 0.8-3.0 keV 
electrons, were found to agree with similar results for 
electronic sputtering induced by light MeV ions. The 
electron data extend the stopping range to even lower 
values than were obtained by MeV H+ ions. The 
thickness dependence turned out to be almost the same 
for keV-electron and MeV-ion bombardment. The 
sputtering yield also has a maximum at l.SkeV 
electron energy similar to that found for solid neon [3]. 

Numerous studies of luminescence and photo-
electron spectroscopy from pure and impure solid rare 
gases have provided information about the electronic 
relaxation process that follows energetic particle bom
bardment. Only about 10% of the electronic energy 
deposited in the film becomes available for kinetic 
energy of atomic motion. The other part is converted 
to photons (luminescence), phonons and low energy 
secondary electrons. There is clear evidence from 
photoelectron spectroscopy, sputtering and lumines
cence data, that the excitations in solid argon are 
mobile. The precise type of the mobile species as well as 
the diffusion process itself are presently not known in 
detail. We have utilized the decay scheme proposed by 
Reimann et al. [S] in our calculations, i.e. the energy 
available for atomic motion is 2.7 eV. The depth 
distribution of energy deposited into excitations also 
entered into thr calculation. This profile is determined 
from experimental work on the slowing down of keV 
electrons in materials with a similar atomic number. 
These parameters enter into the final simple formula 
(2). 

From the experimental data we could deduce a 
diffusion length in the range 200-300 Å. This value is 
somewhat larger than that of Pudewill et al. [39]: 
120A, but comparable to that of Reimann et al.: 
190 A ±40 A [5]. 

Finally, absolute sputtering yields were calculated 
according to the low-energy cascade model. Fair 
agreement is found with experiment when we apply the 
standard cross section C0 for low-energy collisions 
between atoms normally used in sputtering theory. 

Acknowledgements. The a> >hors thank A. Nordskov and B. Sass 
for competent technical a ;nis!-»nce. 

Appendix 

A.t. Diffusion Equation for a Mobile Excitation 

In this appendix we will determine the probability C(x, x\ t)dx for 
a mobile excitation to be in a depth interval [x, x + dx] at the time 
t after the production at x at the time (=0. The subsequent 
density E(x, x) of trapped excitations at the depth x is found as 
well. The diffusion equation for mobile excitations will be solved 
with the boundary conditions: The surface (at x=0) is completely 
reflecting and the metal-substrate interface (at x=d) completely 
absorbing. These conditions are probably the limiting geometry 
for an actual system, but they provide a convenient frame work 
for a mathematical description. The equation will be solved for an 
initial production of a free excitation at a depth x below the 
surface by means of the Green's function of the problem. By 
solving the diffusion equation for a point source, one may find the 
solution for any general initial distribution of excitations by 
simple integration [29]. 

The behaviour of the excitations is described by their 
diffusion coefficient D and trapping time r. These two parameters 
are related to the diffusion length by /0=(Z>T)"2 as usual. The 
quantity relevant for sputtering is the density of trapped 
excitations: 

E(x,x')=l/x fC(x,x\t)dt. (Al) 

The diffusion equation to be solved is (only the one-dimensional 
equation is needed): 

d*C cC C 

with boundary conditions: 

SC{x,x\t) 

dx ,m0 

and the initial condition: 

=0,C(4x\j)=0. 

C(x,x',0)=£(x-x'). 

(A2) 

(A3a) 

(A3b) 

The solution for the excitation density for a point source becomes 
in this case [Ref. 40. p. 276]: 

C(x,x',t)= 
exp(-i/t) 

<4>i0)"V2 

( £ (- inexpC-lx-x'-:«*)' , 

x-2nd)2/ADt}]\. 

/4DtJ 

+ exp[-(x + x'- (A4) 

Then we obtain the solution for the density of energy-releasing 
excitations £(x,x') by applying (Al): 

for0<x <x: 

1 exp(-x/<0)-exp(-2J/<0)exp(x//0) 
( X , X ' = 2 / 0 l+exp(-M//0) 

x [exp(x'//0)+exp( - xy/0)] (A5) 
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and for x<x' <d. References 

1 exp(\70) + exp(-x/70) 
£(x,.x) = 

2/0 l+exp(-2d//0) 
x [exp( - .x'./o) - cxp(x'//0)exp( - 2d//0)]. (A6) 

A.2. Constant Excitation Density C(x) = n0 

The case of a constant excitation density C(x)=n0. which applies 
for MeV light ion bombardment of solid argon, can then be easily 
solved. This expression has not been used in the present work, but 
has been utilized by Schou et al. [10], Schou [13] and by 
Reimann et al. [5,7]. We include the calculations for complete
ness. Then we have: £(x) = {C(x')E(x,x')dx\ and obtain 

£(.x) = n0 
/ exp(.x70) + exp(-x/l0)\ 

V exp<</,70)+exp(-<f,70)j' 
(A7) 

The thickness dependence of the sputtering yield will be deter
mined approximately by the value of the trapped excitation 
density near the surface: 

£<0)=no[1-1/cosh<</70)]. (A8) 

This thickness dependence differs only from the case of an 
absorbing boundary condition at the surface at small thicknesses 
d<l0-

A3. Gaussian Excitation Density 

Cix) = n\2itaI
D)-'2cxp[-[x-rD)2:2ali. 

For the trapped excitation density for infinite thickness one 
obtains 

£<0)= 
21, 

exp 
U U \l0\/2 aD\/2J 

where ri = {fE/W) in analogy to (4). 
The range rD and standard deviation oD is normally given as 

a fraction of the range R,. In atmospheric air the following 
relations were found to be fair approximations: rD % 0.375 R, and 
oo*0.340Rc [35]. These values were used for the discussion. 

A.4. Polynomial Excitation Density: 

C(x) = a0 + fl,x + a 2x :+ajx\ 0<x<R, 

An excitation density of this type can be found in materials with 
medium atomic numbers bombarded by electrons as mentioned 
in Sect. 3. A simple analytical expression can be found for £(0) in 
the case d<R„ i.e. the film thickness is less than the penetration 
depth R, of the electrons. In the case </2 R, no simple expression 
can be found, but fc(0) may still be determined by applying (A6). 
We obtain for d<R,: 

£(0)-ao+2<i,/J + tanh(<///o)(<iI/o + 6a,/3) 

-1/cosh ((«//„) (o0 + axd+a2d
2 +a}d

} + 2a2l
3

0 + ba^d). 

(A 10) 

This expression and the one found for d> R, car. then be inserted 
into (2). 
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Section XI. Desorption induced by electronic transition 

ELECTRONIC AND KNOCK-ON SPUTTERING OF SOLID RARE GASES BY LIGHT kcV IONS 

Jørgen SCHOU, Ole ELLEGAARD. Hans SØRENSEN and Roman PEDRYS * 

Association Euraiom - Risu National Laboratory, Physics Department. DK-4000 Roskilde, Denmark 

Electronic and knock-on sputtering of solid neon. argon and krypton induced by 2-10 keV He*-ions and hydrogen ions has been 
studied by means of a quartz microbalance technique. The contributions from the two kinds of sputtering are determined from the 
thickness dependence of the yield. For He*-ions incident on solid argon the conversion of the energy from nuclear stopping to 
panicle ejection is about six times as efficient as the corresponding conversion of electronically deposited energy. 

1. Introduction 

The sputtering and desorption of solid rare gases 
have been studied more than the erosion of any other 
condensed gases [1-4]. The electronic excitations as well 
as the deexcitation channels in the solid rare gases are 
relatively well known (5,6). The weak Van der Waal 
forces lead to binding energies that range from 20 meV 
for solid neon up to about 160 meV for xenon. These 
low values mean that the erosion yield is high compared 
with room temperature solids. The dominant erosion 
processes at sufficiently low temperatures and current 
densities of the primary particles are sputtering and 
desorption. Sputtering of insulators may be the result of 
direct collisions between the primary and the target 
atoms (knock-on sputtering) as well as sputtering via 
electronic transitions (electronic sputtering). The latter 
process requires the existence of repulsive potentials 
during the electronic deexcitation. The highly efficient 
excimer luminescence process in the solid rare gases is 
the result of a transition that terminates at a strongly 
repulsive energy curve. 

In the present work we have studied sputtering of 
solid neon, argon and krypton by 3-10 keV hydrogen 
and helium ions. At these energies it is possible to 
observe knock-on and electronic sputtering simulta
neously. This work is a continuation of previous studies 
on sputtering of solid neon [7,8], argon [9] by keV 
electrons, and related work on sputtering by hydrogen 
ions on solid neon [10], and argon and krypton [11]. 

2. Knock-on sputtering 

In knock-on (collisional) sputtering the energy re
quired for the atomic motion of the target particles is 

* Permanent address: Instytut Fizyki, Uniwersytet Jagiellon-
ski, PL 30-059 Krak6w, Poland. 

0168-583X/88/S03.50 © Elsevier Science Publishers B.V 
(North-Holland Physics Publishing Division) 

transferred from the fast primary to the target atoms 
through direct collisions. The struck atoms may initiate 
collision cascades via secondary and higher order colli
sions. The direct momentum transfer to the atoms of 
the material does not depend on whether the material is 
a metal, a volatile insulator or a gas, since the velocity 
of the incident particle is much higher than the veloci
ties of the atoms of the material. The state of the 
material plays a role only in the last stage of the 
cascade, when the kinetic energy of the moving atoms 
becomes comparable to the binding energies of the 
target atoms. Therefore, the standard theory for knock-
on sputtering for metals [12,13] may largely be extended 
to condensed gases. The treatment considers primarily 
low collision densities, i.e. the struck atoms in the 
cascade are at rest before the collision. The backsputter-
ing yield Y from a plane surface is given by 

Y=AFD(E,0), (1) 

where FD(E, x) is the spatial distribution of energy 
deposited into nuclear collisions by the primary of 
initial energy £. The constant A = 3/(4ir2NC0U0) de
pends only on the properties of the target material, the 
sublimation energy U0 and the atomic density A' (C0 = 
1.81 A2). The surface value of the deposited energy 
(x — 0) is often expressed by the nuclear stopping power 
NS„(E) for the primary particle and a dimensionless 
parameter a: 

FD(E,0)-aNSn(E) (2) 

a is a function of the mass ratio of the beam and target 
atom mass, and a slowly varying function of the energy. 
(We consider here and in the following only perpendicu
lar incidence.) The energy distribution of the sputtered 
particles, which explicitly enters into the evaluation of 
A, is determined by 

d f / d f , - * , £ , / ( £ , + £/u)3, (3) 

where kt is a constant (see ref. [12]) and £, is (he 
energy of the emitted particle. For large values of the 
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energy £, the distribution exhibits the well-known 
£{" 2-tail and for small energies a maximum at £ , = 
U0/2. 

The characteristic £ , 2-behaviour of the spectrum 
has been observed in all experiments in which the solid 
rare gases have been bombarded by primary rare gas 
ions [14-16]. However, in many cases the maximum of 
the spectrum is far below the expected value at £ , = 
U0/2. Nevertheless, it means that a linear collision-
cascade is responsible for the particle ejection at an 
early stage of the sputtering process. 

The results for the yields agree satisfactorily with eq. 
(1) as long as the (collisional) excitation density is small 
or the sublimation energy is correspondingly large 
[16-18]. Deviations from linear sputtering theory occur 
typically for heavy-ion bombardment [16,17]. The high 
yields and the discrepancy bc'.ween the observed maxi
mum and the linear collision-cascade prediction may be 
explained by the development of elastic spikes in the 
solid during the late stage of the sputtering process. 

3. Electronic sputtering 

, At energies and beam panicle-target combinations 
for which the nuclear stopping power is small or negligi
ble, the dominant erosion process is electronic 
sputtering. This kind of sputtering has been observed 
not only for condensed gases, but also for other materi
als as, for example, alkali halides [19,20]. A typical case 
is the bombardment of solid rare gases by keV electrons 
[7-9] or light MeV -ions [21-26]. The energy that is 
deposited as electronic excitations in the material is 
converted to kinetic energy during the electronic deexci-
tation. Apart from small variations the mechanism is 
similar for all the solid rare gases. 

The electronic sputtering yield is closely correlated 
to the electronic stopping power. A high stopping power 
generally leads to a large yield. The electronic sputtering 
of solid rare gases is characterized in particular by 
(i) a pronounced thickness dependence of the yield, 
(ii) a strong luminescence during the irradiation, and 
(iii) a significant reduction of the sputtering yield in the 

presence of oxygen impurities. 
The thickness dependence has been observed for all 
four solid rare gases [2]. The yield for films thicker than 
about 10" atoms/cm2 increases with film thickness up 
to a saturation value at 2-3 x 1017 atoms/cm2. This 
dependence reflects the mobility of the electronic exci
tations in the solid rare gases. If the excitations reach 
the surface and deexcite close to the surface, target 
p-micles may be ejected. 

The luminescence from the rare ,'as solids represents 
(hat part o' the »citation energy which is nol available 
for atomic rnuiion. The strongest line for argon, krypton 
and xenon originates from the decay of the vibrationally 

relaxed excimcr R*. Reimann et al. [22] pointed out 
that the characteristic diffusion length for the excita
tions could be determined equally well from the 
sputtering yield dependence on thickness as from that 
of the luminescence yield. 

The reduction of the yield because of impurities of 
oxygen or other rare gases has been demonstrated by 
Brown et al. [23.24], Reimann et al. [25] and Børgesen et 
al. [8]. The diffusing excitations are apparently trapped, 
or the energy releasing excimers quenched by the impur
ities. 

The precise type of the mobile excitation is not yet 
known. The diffusing species may be an atomic hole 
R*, a (highly excited) free exciton R*. a vibrationally 
excited molecular exciton R*. or a sequence of these 
species [2,22,35]. 

The energy releasing process is primarily the radia
tive transition labeled M from the molecular exciton R* 
to the repulsive ground stale. The deexcitation scheme 
is shown for solid argon in fig. 1. For solid argon the 
liberated energy at this process is about £$ = 1.2 eV 
[25,27,28]. This energy is so much larger than the sub
limation energy of 80 meV for argon that the repulsing 
rare gas atoms initiate a low-energy cascade [1-2.29]. 
For krypton and xenon a peak in the energy distribu
tion has been observed at the expected value for t. .-
repulsive ground state [27], In these materials the cascade 
behaviour is less pronounced than in solid argon be
cause the ratio of the released energy £ s to the sublima
tion energy is smaller than in argon. 

Reimann et al. [22,25] and Brown et al. [23.24] 
suggest that the energy releasing process may be dis
sociative recombination of the molecule RT as well. 
This process supplies the repulsing atoms with £, = 1 -2 
eV in argon. How important this additional process is, 
is for the moment unclear. Threshold experiments with 
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low-energy photons and electrons on solid argon (4,30] 
indicate rather that the erosion initiates at the lowest 
exciton level a few eV below the ionization threshold in 
the solid rather than at the threshold itself. 

A schematic representation of the important transi
tions are shown for s ••lid argon in fig. 1. The scheme for 
solid krypton and xei on is similar, but that for solid 
neon differs significantly [7]. The initial hole Ar* be
comes self-trapped ?s Ar2*. When this ion captures an 
electron, the molecuL-r ion recombines into a highly 
excited atom Ar" and a ground state atom. The exciton 
Ar * becomes self-trapped as a metastable excimer Ar *. 
which finally deexcites to the repulsive ground state as 
mentioned above. 

Ellegaard et al. [9] derived a simple expression for 
the electronic sputtering yield >" from a solid rare gas 
bombarded by a primary particle: 

y = Al£(0)£ , . ( 4 ) 

Here. £(0) is the surface value (x - 0) of the density 
E(x) of decaying transitions at the depth x. Eq. (4) is 
based on the assumption that the two repulsing par
ticles with the energy EJ1 initiate a low-energy cascade 
and that the surface is a reflecting boundary for the 
excitations. By comparing this equation with eq. (1) for 
knock-on sputtering one notes that the energy available 
for sputtering is ?£(0)£, instead of aA'5„. Since £(0)£ s 

is much smaller than the corresponding electronic stop
ping power NSt. the efficiency of the electronic 
sputtering is considerably less than that of knock-on 
sputtering. 

There are obvious similarities between electronic 
sputtering of multilayers and desorption of monolayers 
[3,31-32]. In the latter experiments the erosion of the 
monolayers is explained on the basis of the Antoniewicz 
mechanism [33]. In this model the transfer of energy 
from electronic excitation to atomic motion occurs by 
neutralization of the ionized adsorbed atom. In elec
tronic sputtering the parallel case is the dissociative 
recombination of the trapped molecular ion R*. This 
process in a multilayer requires a hot electron, which 
may be a photoelectron, a secondary, or a free substrate 
electron [1,24]. The cascade multiplication, however, is a 
clear indicator of a sputtering process rather than de
sorption of repulsing species. 

4. Experimental 

The experimental results below were obtained at the 
setup at Risø. The setup as well as the quartz microbal-
ance have been described elsewhere [10,11.34,35], 

Films from 2 x 1016 up to 1 x 10" atoms/cm5 of 
solidified neon, argon or krypton are produced by al
lowing a jet of cooled gas to impinge on an oscillating 
quartz crystal (fig. 2). The substrate is cooled to a 

temperature close to that of liquid helium. Only a few 
measurements were performed with solid krypton, since 
it was difficult to transfer the krypton to the quartz 
crystal without a considerable condensation in the gas 
tube. 

Beams of 2-10 keV helium- and hydrogen-ions are 
extracted from a duoplasmatron ion source and selected 
by a 45 ° magnet. The current is measured by deflecting 
the beam into a Faraday cup. The beam is swept 
horizontally and vertically over an aperture in front of 
the target, thus ensuring a homogeneous irradiation of a 
large part of the target area. As in the case of electron-
induced sputtering we apply a negative bias ( - 90 V) to 
an open repeller ring in front of the target in order to 
suppress secondary electron emission. 

The current density was below 1 jiA/cm", where 
evaporation caused by beam heating turned out to be 
insignificant. This current density causes no drift in the 
oscillator frequency. The sputtering yield is determined 
from the frequency shift of the microbalance. In a 
typical sputtering experiment for these solidified gases 
the frequency change is from 40 to 200 Hz. After each 
run the eroded film is thrown away by healing the 
quartz crystal. 

No systematic investigations of the temperature de
pendence of the yield were performed. However, even 
the most volatile material, solid neon, showed no depen
dence on the substrate temperature above 7 K [7]. 

A typical run is shown in fig. 3. A neon film with a 
thickness of about one-half of the ion range [36] is 
eroded by 8 keV H * -ions. One notes the linear increase 
of the frequency with time. The sputtering yield is 
evaluated directly from the slope (>'=» 66 Ne/H-atom). 
The saturation above 1200 s indicates that the neon film 
is removed. The target current, which was measured 
simultaneously, increases from a value that is character
istic for solid neon up to one which represents the silver 
substrate ,'the electrode of the crystal). The current 

GAS - i r LlOUlO HELIUM 

RADIATION 
SHIELD 

BEAM 

APERTURE-

FARADAY 
CAGE 

BIASE0 RING 

OUARTZ CRYSTAL 
SHIELD 

OSCILLATING 
OUARTZ CRYSTAL 

FARADAY CUP 

100 n 

Fig. 2. The experimental seiup. 

Risø-R-591(EN) 141 



J \ t htm er al Sputttrmjt of utltj rart gaits b\ l:t>:t A. I in«. SI I 

0 500 1000 1500 
SPUTTERING TIME IS?;; 

Fig. 3. The erosion of a 3.6 x IO'7 Ne-atoms, cirr thick film on 
a Ag-subsiraie of a quartz crystal by 8 keV HC-i.ns The 
(rcqucno change and the emissivity change arc ploiccd versus 

urne The average current »as 22 nA. 

change is caused by the emission of fast ( £llvl > 90 eV) 
reflected protons, since the positive ion emission coeffi
cient is smaller for silver ( - 0 1 ) than for solid neon 
( - 0.5). From the change in emissivity one may also 
obtain the time necessary to remove the film by sputter
ing. This method has been utilized on massive sub
strates in cases for which the results from the quartz 
crystal were not reliable (7.34.35). 

The present energy regime allows us to study knock-
on sputtering as well as electronic sputtering with these 
light ions. However, a comprehensive study of the thick
ness dependence of the yield was usually possible only 
for energies from 6 to 10 keV. At low energies the 
available beam currents were too low for such a series 
of measurements. 

5. Results and discussion 

The thickness dependence of the yield from solid 
argon induced by hydrogen and helium-ions is shown in 
fig. 4. A characteristic diffusion length of about 210 A 
was derived previously from the hydrogen points (II]. 
This value agrees well with other ones determined by 
the electronic sputtering of argon films that were pro
duced in a similar way (2). One notes that the yield 
decreases towards zero with decreasing film thickness. 
In contrast, the yield for both helium ions decreases 
with decreasing film thickness to a value of about 0.7 
and 0.55 of the bulk yield Vx for the •* He-ions and 
'He-ions, respectively. We disregard the sudden in
crease in yield for thicknesses below 2 x 1016 Ar-atoms 
cm1. This enhancement may be ascribed to the previ
ously observed thin-film behaviour which was reported 
by us for solid neon [7.10] and by Ercnts and Mc-
Cracken for solid argon, nitrogen and carbon mono-
oxide (37). 

It is tempting to suggest that the constant part of the 
yield (e.g. 0.55 >"x for lHe*-ions) originates from the 
knock-on sputtering yield and the thickness dependent 
part from the electronic sputtering yield. The two parts 
are completely split-up in time, since the development 
of a linear collision-cascade and a possible elastic spike 
is terminated after a time of the order 10"" s. The 
electronic deexcitation starts after the electron capture 
of the molecular ion Ar J. This may take place in 
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microseconds, if not seconds, after the impact of the 
primary particle. 

This interpretation was corroborated by subsequent 
experiments with He*-ions incident on solid argon with 
a controlled impurity of 1 vol.? O, added to the argon 
gas before film production. It is known from previous 
experiments that an oxygen contamination of this mag
nitude reduces the electronic sputtering yield by a factor 
of O.S [9.24]. Since this amount of impurities hardly 
changes the knock-on sputtering yield for thick films. 
the decrease agrees well with the suggested values for 
electronic sputtering. 

The knock-on yields evaluated from fig. 4 (24.8 
Ar/4He* and 18.1 Ar/3He + ) are much larger than 
that the values predicted by the linear collision-cascade 
theory (>'« = 6 Ar/4He* and 4 Ar/3He*). One notes 
that the efficiency of the sputtering is surprisingly large 
and that the ratio (= 1.3S) of the yields induced by 
4 He''-ions to that of 'He"Mons is similar to the ratio of 
the nuclear stopping power (*= 1.30). The nuclear stop
ping power was determined from Lindhard et al. (38]. 

At 7 keV the electronic stopping power is a factor of 
3 to 4 larger than the corresponding nuclear :>ne. It 
means that the energy loss to the electronic excitations 
is about a factor of 6.S less efficient in producing 
ejected atoms that the loss represented by the nuclear 
stopping power. 

The energy dependence of the total yield for thick 
films is determined by the dominant component. For 
hydrogen ions incident on the rare gas solids the elec
tronic sputtering yield exceeds that from knock-on 
sputtering significantly. This is clearly demonstrated in 
fig. S. The yield curves for solid neon and argon are 
similar to corresponding curves for the electronic stop
ping power from Andersen and Ziegler (36). The nuclear 
stopping fo. 7 keV hydrogen ions incident on argon is 
only a few per cent of the electronic one. and plays, 
therefore, no role in the sputtering in spite of the high 
efficiency of the energy conversion. 

The high yield from solid neon compared with argon 
reflects primarily the low binding energy of the neon 
atoms. The sublimation energy of neon is a factor of 4 
smaller than that of argon. Since the energy release £, 
according to Fugol (28] is similar for these two materi
als, actually one expects that the yield from argon is 
correspondingly small. However, in this comparison we 
disregarded the possible difference in the stopping power 
that varies a factor of 3 from neon to argon according 
to Andersen and Ziegler (36), but only a factor of 1.1 
according to Lindhard and Scharff (39). Indeed, the 
different values of the stopping power demonstrate that 
these quantities are not accurately known below 10 keV. 
On the other hand, it indicates that the yield for neon 
may be surprisingly large. The krypton points lie a 
factor 0.6 lower than the argon points. This is consistent 
with the decrease in sublimation energy by a factor of 
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Fig. 5. The energy dependence of the yield from solid Ne [10]. 
Ar and Kr. The yield per incident atom is plotted versus 
primary energy per atom. The data shown arc usually the 
average of several points. The standard deviation is indicated. 

0.7 from krypton to argon. The two available stopping 
powers increase only slightly from argon to krypton. 

The energy dependence of the yield of thick argon 
films bombarded by He-ions is shown in fig. 6. One 
notes that the yield increases with energy, although the 
contribution from knock-on sputtering is the largest 
one. This contribution is expected to decrease rather 
than increase with energy, e.g. according to eq. (2). if 
the sputtering originates from a linear collision-cascade. 
Therefore, the electronic sputtering yield rises faster 
than the decrease of the knock-on sputtering yield. 

The results presented in fig. 6 demonstrate, indepen
dently of those for the thickness dependence, that 
knock-on sputtering is important. Without any contri
bution from knock-on sputtering one would expect that 
the yield induced by primaries of equal velocity should 
be similar. Indeed, this is not the case. 

However, the energy dependence of the yield does 
not lead to values of the knock-on and electronic 
sputtering yield that are consistent with the previously 
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Fig. 6. The energy dependence of the yield from solid Ar 
induced by 2-10 keV He'-ions. ( ). calculated yield for 
'He""-ions on the basis of the efficiencies deduced from fig, 4. 
but with an electronic stopping power proportional to the 
energy. ( ), calculated yield for 3He*-ions. The data shown 
are the average of several points. The standard deviation is 

indicated. 

evaluated values, if the nuclear and electronic stopping 
power from Lindhard et al. [38] and Lindhard and 
Scharff [39] are applied. The resulting yield curves de
crease rather than increase with energy. On the other 
hand, if we apply an electronic stopping power propor
tional to the energy, we obtain the calculated curves in 
fig. 6, but with a minor change in the efficiency of the 
energy loss to the nuclei. The exponent 1 suggested in 
the slopping power is considerably larger than the value 
of 0.5 according to the Lindhard-Scharff treatment and 
that of 0.63 recommended by Ziegler [40]. 

The present experimental values for helium ions 
incident on solid argon are considerably smaller than 
those of (250 ±75) Ar-atoms/4He-ion obtained by 
David et al. [41] for 4 keV 4He+-ions. This is surprising 
since the yields induced by 4 keV Ne*-ions agree quite 
well for solid argon (2). 

Our procedure for determining the relative contribu
tions of electronic and knock-on sputtering based on the 
thickness dependence appears to be superior to other 
methods, e.g. those suggested by Stevanovic el al. [17] 
and Chrisey et al. [42]. In both cases it is required that 
at least one of the contributions should be determined 
by a theoretical calculation, for example by linear colli
sion-cascade theory. 

We are not able to exclude with certainty that the 
knock-on sputtering yield is proportional to the square 
of the surface value FD( E. 0) of the deposited energy. 
This relationship was observed by Stevanovic et al. [17] 
for medium-mass ions incident on solid xenon. How
ever, the ratio of the contribution induced by 3He+-ions 
to that by 4 He *-ions favours a linear relationship. This 
is supported by the estimate in fig. 6. which is based on 
a linear relationship as well. A comparison with the 
gas-flow model by Urbassek and Michl [43] has not 
been made because the model does not include elec
tronic sputtering. 

The characteristic diffusion length for solid argon 
bombarded by helium ions is apparently not reduced by 
the "knock-on-damage". The curve indicated in fig 4 
for the 3He-ions is the one of 210 Å obtained for 
hydrogen ions as well. The experimental scattering of 
the individual points does not allow us to perform a 
more accurate analysis. However, a value larger than 
210 Å is possible. This observation means that the 
energy loss to the nuclei not only produces damage, but 
also supplies the track of the primary particle with 
sufficient heat to improve the local crystal quality. 

6. Conclusion 

The contributions of electronic and knock-on 
sputtering to the total yield have been evaluated for keV 
helium ions incident on solid argon on the basis of the 
thickness dependence. The knock-on sputtering yield 
accounts for 0.55-0.7 of the total yield at 7 keV. The 
efficiency of the energy conversion from the loss to the 
nuclei to the ejection of argon atoms is about 6 times 
the efficiency of electronic energy loss. This number is 
supported by the energy dependence of the total yield, 
provided that the electronic stopping power is propor
tional to the energy. 

The yield induced by hydrogen ions show a trend 
that is similar for solid neon, argon and krypton. In all 
cases the dominant mechanism is electronic sputtering, 
and the yield curves resemble those of the electronic 
stopping power. 

The authors have appreciated discussions with H.H. 
Andersen. W.L. Brown. R.E. Johnson, T. Kloiber. P. 
Sigmund and AE. de Vries. 
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EROSION AND LUMINESCENCE FROM PURE 
AND IMPURE SOLID DEUTERIUM 
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The first simultaneous measurements of the erosion and luminescence yield from deuterium films 
bombarded by 2-keV electrons are reported. The luminescence in the region from 200 to 600 run »as 
measured. A peak at about 275 run was observed from the solid deuterium. The possible origin of this 
peak will be discussed. Doping with 0.5% nitrogen changes the luminescence spectrum largely and causes 
beam-induced evaporation at high current densities. 

Key words: erosion, luminescence, solid deuterium, electron bombardment. 

INTRODUCTION 

Erosion of condensed gases by energetic electrons takes place as beam-induced 
evaporation and electronic sputtering.1 Electronic sputtering is a result of the 
competition between radiative and non-radiative transitions in the irradiated 
condensed gas. The kinetic energy required for the panicle ejection is released by 
the non-radiative events. For solid rare gases it is well known that the electronic 
sputtering is caused by radiative transitions to a repulsive ground state.'- In 
contrast, no luminescence has been observed from irradiated solid hydrogens, and 
non-radiative transitions may be dominant. 

The intention of the present work was to study the luminescence from ekctron-
irradiated solid deuterium simultaneously with sputtering yield measurements. 
Since the luminescence from deuterium is weak, the studies have to be performed 
with a relatively high beam current. This means that the erosion yield from this very 
volatile solid comprises a significant yield of beam-induced evaporation in addition 
to the ordinary low-temperature yield of electronic sputtering during some of the 
measurements. Beam-induced evaporation occurred when the solid deuterium 
target was exposed to external heating because of the heat load from warm parts of 
the interior of cryogenic setup.1-3 

EXPERIMENTAL PROCEDURE 

The experimental setup used for this study has previously been utilized for other 
studies of irradiated condensed gases.3 The cryostat cooled by liquid helium has 
been described in detail elsewhere.4 Only a brief description will be given here. A 
monochromator and a photomultiplier covering the region from 200-600 run have 

235 
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been mounted at a side tube of the cryostat. Additional openings in the radiation 
shields have been made in front of the tube so that light emitted from the electron-
irradiated area could be observed. Since the light emission is small the resolution 
could not be better than 8 nm. The position of the electron gun has been changed 
in such a way that the electron beam is deflected through an angle of 15* so that 
light emitted by the filament of the electron gun does not reach the target or enter 
into the monochromator. The gas is led into the cryostat through a cokl tube and 
solidifies on a cokl quartz crystal microhalance. With this setup it is possible to 
make films of known thickness and to measure the mass loss during the irradiation. 
The beam current was determined from the target current thai is measured 
simultaneously with the mass loss, and calibrated with the Faraday cup in the 
standard setup/ By a fast beam sweep a limited area of the target was irradiated 
homogeneously. Cryopumping onto the target was observed before and after 
irradiation. No corrections were performed since beam heating changes the 
temperature of the target and hence the cryopumping. By varying the temperature 
of the gas inlet tube it is possible to vary the purity of the deuterium film. At high 
gas tube temperatures one may let less volatiie impurities through the tube. The 
concentration of the doped impurities was evaluated from that of the gas mixtures. 

c 

I 
i' 
LU 

UJ 

z 
i 

200 300 t00 500 500 
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FIGURE I Luminescence spectra trom ia> purified deuterium, ibl non purified deuterium, and c 
deuterium doped with 0.5% nitrogen 
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RESULTS A N D DISCUSSION 

A luminescence spcctrwn from partly purified deuterium bombarded widi 2 keV 
eiectrons b shown in Fipre la. The peak observed around 450 nm is probably 
mduced by wnpurmes. The yield in this region is enhanced by doping with oxygen 
and carbon monoxide. Thb indicates rimt d * p*ak originitrt from combination J. of 
oxygen atums with deuferwm atoms. The peak around 275 nm may originate from 
a transition in the irradiated deuterium since the availabk dopants a l had the effect 
of reducing rather dan increasing die peak. The hwunctcrncc from solid 
dt annum has not been observed previously which means that it b difficult to 
assign dus peak to any known atomic or molecular transition. An emission 
continuum between 190 and 280 nm from deexciting Rydberg sates of D , 
(Af« 3.4) to die repulsive ground state 2rE ' has been observed m die gas phase.' 
The formation of Djacd D'from dbaociated and intact mokcuks b expected to 
be extremely fast m bV solid. The position of dn? observed peak b somewhat 
higher don the maximum of dur continuum from die gas phase, but it b wefl known 
dm a red-drift may take placed in a sotmmed gas. The hmunescence yield around 
275 nm decreases in less purified deuterium (Figure lb) because of die quenching 
from impvririt j w in excited states below the lowest excited state of deuterium. 

In Figure Ic a hinuneictnrt spectrum from deuterium doped win 0.5% nitrogen 
b shown. The peak around 365 nm might originate from oV atomic transition 
N r P - ' S ) at 347nm r or die S: ( B : X . - X T , - transition.* At mgher nitrogen 
concentranooi the peak becomes more pronounced, and it b also observed in our 
spectrum from sobd nitrogen. However, we cannot exclude d m dte t*ak originates 
from die NDtA'I I - X * I * ) transition. The N H A ' l l - X ' l " ) transition b reported 
at 336 nm in die gas phase.* In die measurements at higher nitrogen concentrations 
and in our spectra from solid nitrogen die peak from die r*T>-*S) transition at 
523 nm in solid deuterium b very intensive.* The intensities of most of die 
observed peaks were found to increase during irradiation. 

In Figure 2 die measurements of die erosion yield are shown togedier with die 
relative luminescence yield at die most characteristic wavdengnY The erosion 
yields are determined from the saturation yield which » supposed to be less 
influenced by any cryopmnping than the initial yield. The yields have been 
measured for a film duckness of 3-10" D:-molecincs/cnr which b approximately 
twice die range of a 2-keV electron. Thb duckness was chosen because previous 
results1"-1' have demonstrated dial die electronic sputtering yield shows a minimum 
around din thickness. The reason for die minimum b not known, but apparently 
die mechanism responsible I f die high yield from thin films1 does aot contribute 
significant^ to die yield above dus thickness. 

The yield from pure deuterium agrees widun our accuracy win die previous 
results obtained vnthout die additional opening for die observation of die 
luminescence. During die irradiation die deuterium films were colder don diose in 
die present setup. Therefore, die previous results probably represent die low-
temperature yield of electronic sputtering without beam-induced evaporation. Thb 
assumption b corroborated by die fact that die previous yield results did not show-
any dependence on the current. 

The erosion yield increases widi die concentration of die impurities in die 
deuterium. Thb enhancement b obviously beam-induced evaporation because of 
die strong dependence on die current density. The beam-induced evaporation from 
the impure deuterium films, especially nitrogen-doped, b explained by a reduced 
heat conductivity of the impure films. The luminescence yield b seen to be 
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FIGURE 7. Erosion yield and luminescence yield versus beam current.* The absolute erosion yieM is 
given in units of 4 amu, • cold target and gas tube, O warm target and gas tube, D deuterium doped 
with 0.5% nitrogen, warm target and gas tube. The electronic sputtering yield is from Ref. 10. 

independent of the beam-current, which indicates that the luminescence originaies 
from the solid sample. 
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THICKNESS DEPENDENCE OF THE SPUTTERING YIELD FROM SOLID DEUTERIUM 
BY LIGHT keV IONS 

B. STENUM, O. ELLEGAARD, J. SCHOU and H. SØRENSEN 

Association Euratom - Risø National Laboratory. Physics Dtpartment. DK-4000 Roskilde. Denmark 

Measurements of the thickness dependence of the sputtering yield from solid deuterium bombarded by 1 -10 keV/amu hydrogen 
ions are reported. For film thicknesses larger than 2x 10" D2 /cm2 the yield is largely independent of the film thickness. A strong 
enhancement of the yield is observed for thin films. The results for different ion energies demonstrate convincingly that this 
enhancement is a result of the interaction between the primary ion and the metallic substrate rather than a beam-independent 
structural interface effect. 

I. Introduction 

The erosion of condensed gases is a particular area 
in sputtering and erosion of solids by charged particles 
(1.2). It has turned out to be important in interstellar 
and planetary atmospheric as well as in technolo). :al 
problems such as cryopumping in radiation environ
ments. In particular, the behaviour of the solid hydro
gens bombarded by charged particles is important for 
models on fuel pellet injection into a plasma [3]. How
ever, only few measurements of the neutral erosion and 
secondary-ion yield from solid hydrogens have been 
reported in the literature [3-12], and the data base is 
not yet sufficient for realistic modelling of the ion 
interaction with solid deuterium. 

The major difficulty in producing reliable data for 
erosion of the solid hydrogens by energetic ions and 
electrons is the extremely low sublimation energy of the 
solid. This energy ranges frc-^ 7 to 14 meV/molecule 
from H2 to T2 (13J. It means tnat the sample has to be 
produced by a cryogenic technique that ensures a tem
perature below 4 K [3-51. 

The analysis of sputtering data from ion-bombarded 
condensed gases is complicated since the erosion often 
is caused by two entirely different mechanisms, elec
tronic and knock-on sputtering. Electronic sputtering, 
i.e. sputtering via electronic transitions, occurs for in
sulating materials only [1,14], whereas knock-on 
(ordinary1 sputtering takes place for all materials as a 
result of t;'e collisions between the primary ions and the 
target atoms [14]. Both types of sputtering processes 
occur simultaneously during light-ion bombardment of 
solid rare gases for primary energies about and below 
10 keV (15). The practical separation of the two compo
nents of the sputtering yield is difficult, and has been 
performed in only two cases without assumptions thai 
rely on theoretical predictions [15.16]. In Ihe present 
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study of light-ion bombardment of solid deuterium we 
were unable to distinguish between the two compo-
r-Ttts. 

The present work is a continuation of previous stud
ies on solid hydrogen and deuterium performed at Rise 
[3-9]. The sputtering yield of deuterium for 2 keV 
electrons turned out to be strongly dependent on the 
film thickness and showed a minimum of about 4 
D,/electron at a thickness around 2.5 x 10" D2 /cm : 

[7,17]. This behaviour which is expected to be a char
acteristic feature for electron energies of a few keV has 
made it difficult to estimate the yield dependence on the 
primary' energy. The preliminary investigations for 
light-ion bombardment of solid deuterium and hydro
gen by Børgesen [5] and Borgesen et al. [6] were not so 
comprehensive that an accurate thickness dependence 
could be determined. The erosion yield measured by 
Erents and McCracken [10] shows ii.- same trend as the 
Risø measurements, i.e. the yield increases with decreas
ing film thickness. Their measircmen s on solid deu
terium were carried out for films thinrer than 2 x 10"' 
D2/cm2 with 5 keV deuterons. For ihe thickest film 
these authors [10] obtained a yield of about 200 D : per 
Dj* ion. 

In this work we prerent the results of the first 
systematic study of the target thickness dependence for 
hydrogen ion bombardment of solid deuterium. It turns 
out that the behaviour of the ion-induced yield is simi
lar to that of the electron-induced yield for thin films 
( < 2 x 10" Dj/cm2), but very different for thick films. 
At large thickness the measurements indicate that the 
yield becomes almost constant, contrary to the strong 
increase of the electron-induced yield at these thick
nesses [7,17]. The observed thin-film enhancement for 
deuterium partly resembles the trend that we found 
previously for another volatile condensed gas. solid 
neon [18.19], and this trend was also observed by Erents 
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and McCracken for solid argon, carbon monoxide and 
nitrogen (20). 

2. Experimental 

The experimental setup has been described in detail 
previously [3.15.18). Only a brief description will be 
given here. 

The deuterium films were produced by letting a jet 
of gas hit a quartz crystal suspended below a pumped 
liquid-helium cryostat (fig. 1). With this technique it is 
possible to make deuterium films of known thickness 
and to measure the mass loss during irradiation. 

Beams of 4-10 keV H \ H: and H,* ions are 
extracted from a duoptasmatron ion source and mass-
selected by a 45 * magnet. The irradiated area on the 
target is limited by a 2 mm aperture in front of the 
target. Only perpendicular beam incidence has been 
studied in the present work. The beam current was 
measured before and after irradiation by deflecting the 
beam into a Faraday cup. In order to ensure a homoge
neously irradiated area on the target the beam w JS 
swept both horizontally and vertically over the aperture. 
As in the case of electron-induced sputtering |7J. we 
apply a negative bias ( - 9 0 V) to an open repeller nng 
in front of the target. In this way secondary-electron 
emission is suppressed, and charge-up problems are 
reduced substantially. 

The current density during the measurement did not 
exceed 0.5 fiA/cnr. and the yield turned out to be 
independent of the beam current at these low currents, 
so that evaporation by beam-heating is insignificant [3]. 
This current density causes no drift in the oscillator 
frequency. The stability of the beam was checked dur
ing the sputtering experiment by measuring the target 
current. 900 subsequent frequency and target current 
measurements were performed during one run. The 
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sputtering yield was determined from the frequency 
shift. The total shift varied from 5 Hz for thin films to 
50 Hz for thick films. After each run the film was 
evaporated away by heating the quartz crystal. 

We observed a strong initial cryopumping on the 
target as soon as the beam was deflected into the target 
chamber. The cyropumping rate was comparable to the 
beam erosion during the first part of the irradiation 
time, so that no mass loss was detected. Simultaneously 
with the cryopumping. a pressure rise in the target 
chamber was observed. The cryopumping during the 
measurements was substantially reduced by deflecting 
the beam into the Faraday cup during film deposition 
and until the pressure rise dropped down. 

3. Results 

The sputtering yield as a function of initial deu
terium film thickness was measured for film thicknesses 
ranging from 0.1 up to 10 x 10" Dj/cm2. Results for 
primary energies from 1.3 up to 10 keV/amu are shown 
in fig. 2. For all primary energies one notes the very 

Hydrogen tars on SoiiB Deute'um _, 

. i k *V Hj i 
• o 7k«V HJ 
. IQkeV H* 
• 10 keVH* 

Fig. 1. Schematic drawing of the target region of the experi
mental setup. 

2 i 6 e 10 
THICKNESS MO'8 0,/on11 

Fig. 2. Thickness dependence of the yield from solid deuterium 
bombarded by 1.3-10 keV/amu hydrogen ions. The horizontal 
lines represent the mean values of the field at large thicknesses. 
The different indications for 7 keV HJ ions represent two 
independent series. The error bar reflects the standard devia

tion of the mean value only. 
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high yield for thin films ( < 1.5 x 10'" D ; / c m : ) This 
ihin-fitm enhancement is apparently larger for the 
high-energy primaries than for the 'owest energies so 
that the fall-off to the thick-film values occurs at higher 
thicknesses for the highest ion energies. For thick films 
the yield may be approximated by a constant value. 
There is a slight increase with thickness for thick films 
bombarded by 10 keV H* ions, but this tendency has 
not been confirmed for energies lower than that. The 
two series at 7 keV H ,* ions were performed with a time 
separation of several years. This shows that the absolute 
uncertainty is about 40%. However, the reproducibility 
in subsequent runs was usually better than 10S. 

Preliminary results for different hydrogen ions of the 
same velocity indicate that the polyatomic ions are the 
most efficient ones in producing sputtering. This molec
ular effect will be studied in greater detail in the near 
future. 

The thin-film enhancement is not caused by beam-
induced evaporation since it turned out that the yield 
was constant for current densities from 0.05 to 0.5 
uA/cm 2 . Only for current densities close to 1 u.A/cm : 

did we observe a significant increase in the yield. 

4. Discussion 

quartz crystals. Erents and McCracken [10] suggested 
that the electronic energy deposition in the metallic 
substrate from the ions was extremely efficient in pro
ducing sputtering from thin films. This thin-film en
hancement is not caused by backscattered ions since 
this process would lead to only a slight enhancement of 
the yield of about 15-30* (25]. 

Since the constant (bulk) yield is obtained from film 
thicknesses larger than the ion range, one may de
termine the thickness Ry for which the sputtering yield 
is no longer influenced by the silver substrate. The 
quantity Rt is determined from the cross-over between 
the best straight line that approximates the yield for the 
thin film and the bulk yield. (For 10 keV H*" ions the 
minimum value between 2 x 10'" and 4 x 101K D 3 / c m : 

has been used.) fn fig. 3 this sputtering range Rx is 
compared to the existing range measurements (26] and 
calculations of Winterbon (27] with Lindhard-Scharff 
electronic stopping (28J. Obviously /?, is clearly corre
lated to the range of the ion. although the former 
increases more slowly for the highest energies. 

This correlation between /?, and the range is the 
first evidence that the energy dissipation in the metallic 
substrate is responsible for the thin-film enhancement 
of the sputtering yield. Then the high yield for the thin 
films is not caused by inhomogeneities of the films, i.e. 

4.1. Thuk films 

The yield for thick films increases with energy per 
mass unit from about 60 D : /a tom at 1.33 keV/amu up 
to 220 Dj /atom at 10 keV/amu. This behaviour may 
indicate a significant electronic sputtering yield, since 
the electronic stopping power largely shows a similar 
trend. However, in this energy regime, in particular for 
the low energies, there might as well be an appreciable 
contribution of knock-on sputtering to the yield. Al
though the nuclear stopping power is one to two orders 
of magnitude smaller than the electronic slopping power 
in this energy regime, it is known from other highly 
volatile ices that nuclear stopping is much more effi
cient in producing a high sputtering yield than an 
electronic stopping of the same magnitude (15.21). Pre
sently, the number of data points is insufficient to allow 
us to perform an accurate analysis of results on the 
basis of the existing models of elastic or electronic 
spikes and their extensions. [21-24], A significant in
crease of the yield for ilvck films was not observed. For 
solid rare gases this increase for thick films is a conse
quence of the mobile excitations in these solids (1.2). 

*..'. Thm films 

The strong enhancement of the yield for thin films is 
caused primarily by the interaction between the ion and 
the metallic substrate, i.e. the silver electrode of the 

2.0 i" 
Hydrog»n ions on Solid Dtu!*rmm 

1.5 h 

10 !-

OS 

0.0 

O « H* , 0«MJ . V * H* 

O 3 9 Enptrimtntol 
Thfortt.col 

• • » Sputtering 

7 L 6 e 
ENERGY Ihtv/omul 

10 

Fig 3. The spullering range (see textl of hydrogen ions in solid 
deuterium compared with previously obtained ranges, experi

mental and theoretical 
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clustering of the deuterium molecules on the silver 
surface, since this effect would lead to an energy-inde
pendent /?,. It is reasonable to expect that the sputtering 
depth /?, is smaller than the range. The ions cause an 
enhanced yield only, if the ions reach the film-metal 
interface before complete slowing-down. The mecha
nism that leads to this thin-film enhancement has not 
yet been identified. 

The comparatively large extension of the sputtering 
range for deuterium films is probably connected to the 
high volatility of solid deuterium. The thin-film en
hancement for solid neon disappears for film thick
nesses smaller than 1 x 10" N e / c n r [19). which is 
much less than the mean penetration depth of the 
primary electrons |29]. The extension of the thin-film 
enhancement observed by Erents and McCracken [20] 
corresponds to a sputtering range of about 1 x lu"" 
atoms/enr for solid argon, nitrogen and carbon mono
xide. Since these authors did not measure any yields for 
film thicknesses larger than 5 x lO"1 atoms, a precise 
determination of the corresponding sputtering range is 
impossible. However, the small value of the range to be 
expected is in complete agreement with the relatively 
low volatility of these three solidified gases. 

5. Conclusion 

The thickness dependence of the sputtering yield 
from solid deuterium bombarded by keV hydrogen ions 
shows the same trend for alf primary energies. For film 
thicknesses larger than 2 x lO"1 D ; / c n r the yield is 
almost constant. The high yield for small film thick
nesses is the result of an efficient energy transfer mech
anism from the silver substrate to the outermost layers 
of the deuterium film. This origin of the thin-film 
enhancement follows from the close correlation between 
the ion range and the thickness that corresponds to the 
transition from the thin films to the thick-film regime 
(bulk). The thin-film enhancement for deuterium as well 
as other volatile gases deposited on metallic substrates 
is apparently not a structural interface effect, but a 
clear beam-induced feature. 
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0. ELLEGAARD(*), J. SCHOU and H. SØRENSEN 

Association EURATOM, Risø National Laboratory, Physics Department 
DK-i000 Roskilde, Denmark 

(received 14 March 1990; accepted in final form 2 May 1990) 

PACS. 79.20N - Atom, molecule, and ion impact. 

Abi tract. - Elastic low-energy spikes can be produced in volatile materials such as condensed 
gase even for primary particles with comparatively low nuclear stopping power. The 
sputte/ing yield from solid neon bombarded by (5-̂  10) keV He*-ions has been measured. Model 
calculations demonstrate that nonoverlapping subspikes are responsible for particle ejection 
from this volatile solid. 

Introduction. - Light-ion sputtering of condensed gases is characterized not only by a 
pronounced contribution via electronic transitions (electronic sputtering), but also by the 
ordinary contribution from direct collisions between the primary and the target atoms 
(knock-on sputtering) [1,2]. The sputtering from knock-on processes for nonvolatile targets 
depends linearly on the nuclear stopping power according to linear collision-cascade theory 
except for systems with very high nuclear stopping powers [3-5]. 

In the present work on He-ion sputtering of solid neon, we have studied a projectile-
target system for which the total sputtering yield turned out to be approximately 
proportional to the nuclear stopping power for 4He"- as well as 3He*-ions. Since the 
electronic stopping power is comparatively low for this system and would lead to a 
completely different dependence on the primary energy, it means that knock-on sputtering 
is responsible for this erosion. However, the yield predicted by linear collision-cascade 
theory is more than one order of magnitude too low. In fact, this behaviour has encouraged 
us to introduce a model that involves nonoverlapping subspikes (fig. 1). Solid neon is so 
volatile that one may expect that every collision between the primary light ion and a target 
atom generates a cascade that develops into a subspike. In this small spike volume all atoms 
strike other atoms that have already been set into motion. While individual cascades have 
been observed experimentally for metals [6], no systematic treatment of subspikes has been 
applied previously to any system. The existing spike models or their extensions for solidified 
gases are based on the assumption that many collisions between the primary particle and the 
target atoms contribute to one common spike [7-12]. These models lead to a strong nonlinear 
dependence of the yield on nuclear stopping power. 

(*) Permanent address: University of Odense, DK-5230 Odense, Denmark. 
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The present system is characterized by a weak interaction, i.e. low nuclear stopping 
power, between the primary He~-ion and the target atoms. This means that the average 
distance from one collision to the next between the primary and a target atom usually is so 
large that the subspikes do not overlap. On the other hand, the nuclear stopping power for 
the recoils is at least one order of magnitude larger than that of the primaries. As a 
consequence, the recoils are efficient in generating spikes in this very volatile solid (with a 
sublimation energy l/0 = 20meV). 

The present model describing sputtering via these nonoverlapping subspikes does not 
include any fitting parameters. In all cases we have utilized the standard values indicated in 
the references. The predicted yield shows a dependence on the nuclear stopping power 
similar to our experimental ones, and agrees surprisingly well in absolute magnitude for this 
system. 

«ner»y(k«w) 
Fig. 1. Fig. 2. 

Fig. 1. - Geometry of the subspikes. The path of the primary ion is shown. A collision takes place at 
depth x, but the centre of the subspike develops from x'. The recoil angle ?" is shown as well. 

Fi<r 2. - Sputtering yield for a 4He* and o 3He* incident on 9 • 10IT NVcm2.1) 4He* -• Ne, theory, eq-
(4), power cross-section m = 2/3, wi, = l/2 (recoils), s = 0.76 evaluated from [18]. II) 4He*-»Ne\ 
theory, eq. (4), general cross-section derived from [20]. «=0.66. Ill) 3He"-»Ne, theory, eq. (4). 
general cross-section from [20], s"=0.66. A typical standard deviation is indicated. 

Experimental. -The films were produced by letting a jet of precooled Ne-gas impinge on 
an oscillating quartz crystal covered with a silver substrate. Beams of (5 -*•10) keV 4He*- and 
3He*-ions with current densities below 1 uA/cm2 were extracted from a duoplasmatron ion-
source system equipped with a mass-analysing magnet. The sputtering yields were 
determined from the frequency shift of the microbalance. This experimental method for 
sputtering condensed gases has been utilized by our group for several investigations [13-15] 
and recently by Balaji et al. for noble gas ions below 5 keV incident on solid rare gases as 
well [16]. 

The results of these studies are shown in fig. 2. Our measured yield is usually an average 
of at least three independent measurements. They have been performed for such thick films 
that the electronic sputtering yield would have reached its asymptotic value corresponding 
to the bulk yield [17]. In fact, no dependence of the yield on thickness was observed up to the 
standard thickness of 9 • 10,; Ne-atoms/cm2. 
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Model. - The yield evaluation via subspike formation is based on the idea (fig. 1) that 

i) the primary particles move along a straight path into the solid from the point of 
impact at the surface, 

ii) every' recoil generates a subspike, and 

iii) the subspike is treated as a spherical elastic spike. 

The starting point for the yield evaluation is the spherical elastic-collision spike model 
developed by Claussen [9]. From this the yield from a spherical spike located at the depth x 
below the surface is given by a comparatively simple formula without adjustable 
parameters. The main problem of Claussen's model is to identify an appropriate spike centre 
for a given beam-ion target-atom system. Claussen chose to let this centre develop from a 
depth close to the well-defined damage depth [18]. For other systems this treatment gives a 
yield that disagrees completely with the experimentally determined one in absolute 
magnitude and dependence on primary energy. For the present system of He-ions incident 
on neon the yield estimated in this way is practically zero. The damage volume for neon 
becomes so large that the energy density of the spike is too low to induce any particle 
ejection at the surface. 

For a subspike with an energy release T at a point located at depth x' we adopt 
Claussen's expression for the spherical spike 

y,(T',r) = 0.1496/<oiMNM(77f70)"ff,(f), £ = 7.838(x')3JVcy7\ (1) 

where we have used the notation of ref. [3]. N is the atomic density, {/0 the surface binding 
energy, /̂ , = 24 and aBx~ 0.219 Å. The geometric function given by Claussen, gfå will be 
approximated by exp [- of], where the choice a = 1.2 will cover the regime relevant for our 
system [9]. 

As cross-section dz{E, T)/dT for producing a recoil atom of energy T by the impact of the 
primary ion of energy E we have utilized Lindhard's power cross-section [19] 

d? = CmE-mT-,-mdT, (2) 

where C„ is a constant that depends on the parameter m. The advantage of using this cross-
section is the clear appearance of the important parameters. Alternatively, we have derived 
dsldT from the Kr-C potential given by Wilson et al. [20] with Lindhard's screening length 
(see ref. [3,4]). The corresponding nuclear stopping power from Wilson et al. has been used 
in both cases. 

We assume that the primary ion (atomic number Zu mass Mt) moves along a straight 
path without any energy loss until the first collision with an atom at depth x (fig. 1). Then 
the total yield can be determined by the probability of energy transfer T times the yield of 
an individual spherical spike: 

A-^p-Yt(x',T)dTdx, (3) y-"( 

yE is the maximum energy transfer from the primary atom to a target atom at rest 
(Y = 4Af,Jlfj/(MI + JI/2)

1). 
In our model the kinetic energy T is not released in the primary track, but is displaced to 

the corresponding damage depth for the recoil. Then, the centre of the spike is relocated 
from depth x of the initial energy transfer to x' = x + (R) i cos f (fig. 1). The scattering 
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angle ?" of the recoil atom is expressed as cos?" = (77y£)t5[3J. (R) is the path length of 
neon atoms with energy T in neon and 5 is a parameter which includes the ratio of damage 
depth to path length as well as the average over the damage depth. According to the 
discussion by Claussen [9], we have included the standard deviation of the damage 
distribution in order to obtain the most realistic value of c. For the motion of neon atoms in 
neon it turns out that s varies very little for energies in the recoil energy interval, and one 
finds o = 0.66 to be a fair approximation [21]. 

Combining eqs. (l)-(3) and the expression for the depth x', one obtains the yield 

Y=Y(0) l - M i«fc,«, r)r»(l/3, w)dt )/r(l/3) (4) 

hl{t,r) = tl*-m(bl3-m)l(f*-m) (5) 

for the power cross-section (2). 
In eq. (4) we have applied t= TIE. The incomplete gamma-function is determined by the 

argument 

w= 7.838c3 xNUoiRyt^Hy^E). (6) 

The yield F(0) for 5 = 0 represents the case for which the centre of the subspike remains in 
the track of the primary particle: 

m - NS. ,EIÆ^i •o-'ni's.v-W,,. ft(r) m 
UQ a 

where h(y) = (1 - in) y23/(5/3 - m) for the power cross-section. The calculated yields (eq. (A)) 
are shown in fig. 2 for 4He*-ion incidence for a relevant choice of the parameter »1 and the 
corresponding one mx for the cross-section of the recoils. The yield evaluated from the 
general cross-section from Wilson et al. has been included as well for both primary ions. 

Discussion. - The agreement between the experimental and calculated yield values for 
the general cross-section in both absolute magnitude and energy dependence is fairly good. 
The curve for the power cross-section is the one that shows the best agreement among the 
possible choices (m = 1/2, 2/3, w, = 1/2, 1/3). However, as mentioned previously, one should 
add the linear collision-cascade yield [9] and the electronic sputtering yield [1] to the curves 
shown in fig. 3. The former yield is at most 15 Ne/He* at the energies considered, while the 
latter may be estimated from the results for hydrogen ion bombardment in solid neon [13]. 
The electronic yield is expected to increase linearly with the electronic stopping power up to 
a yield of about 40 Ne/He* at the highest energy considered, E = 10 keV. These two 
contributions do not change the conclusion about the good agreement between the 
experimental results and the model for sputtering from subspikes. 

The contribution from reflected primaries can be estimated to be less than the linear 
collision-cascade yield for the energies under consideration [21]. The main reason for this is 
the small number of reflected primaries (<0.1)[22]. 

The model can also be employed for He-ions incident on solid argon. For this system the 
electronic sputtering yield is an appreciable fraction of the total yield. For the single energy 
£ = 7keV, the knock-on sputtering yield has been determined from the thickness 
dependence of the yield as 25 Ar/4He* [15]. This yield is about a factor of 4 larger than that 
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predicted by the linear collision-cascade theory, but only a factor of 2 larger than the value 
Y= 11 ArPHe* obtained from eq. (4). 

For hydrogen ions incident on solid neon the subspike model gives an almost constant 
value of about 25 Ne/H in the energy region from 4 to 10 keV. This is much less than the 
measured yield that is determined primarily by electronic sputtering [13]. 

The inclusion of the motion of the recoils is a substantial feature of the model. One arrives 
at the result that nonoverlapping subspikes centred in the ion track may lead to a yield that 
is not characterized by a strict proportionality with the nuclear stopping power. However, 
the factor Em is partly cancelled out by the factor in the squared brackets in eq. (4), and the 
resulting dependence on primary energy E actually leads to similar relationships between 
the calculated and experimental yields and nuclear stopping power. For values of s larger 
than 0.66, the yield decreases with s. 

The condition of nonoverlapping subspikes means that the mean-free distance between 
two collisions exceeds twice the average radius of the spherical subspike [21]. This turns out 
to be fulfilled for all values of energy transfer T that are efficient in generating subspikes for 
primary energies above (5 •*• 6) keV in the case of He-ions incident on neon. At energies 
below this limit, there is a contribution from overlapping subspikes that have been 
generated by two or more subspikes, in addition to the contribution from the effect of 
individual ones. Then the geometry of the spike approaches other models or their 
extensions [7-9,11,12,23]. 

The effect of heat loss through evaporation from the surface [24] has not been included in 
the model. This effect tends to reduce the yield compared wich eq. (4) [9]. Recently, Vicanek 
etm al. [25] pointed out that the value of /0 should be approximately one-half of that utilized by 
Claussen. This would reduce the calculated yield compared with that found experimentally. 

Energy spectra of the ejected neutrals induced by light-ion bombardment may be 
evaluated as well on the basis of the model for nonoverlapping subspikes. The result will be 
presented by us in a forthcoming publication [21]. 

In summary, we have demonstrated that a sputtering model based on nonoverlapping 
subspikes leads to calculated yields that agree well with experimental ones for He "-ion 
bombardment of the most volatile condensed gases. 

* * * 

The authors thank P. SIGMUND for valuable comments on the manuscript and R. PEDRVS 
for useful discussions. 
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