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Nonlinear effects in sputtering of organic liquids by keV ions
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The principal features of the spike probability model are summarized, and calculations based on the model
are compared with the keV-ion sputtering data recently obtained from organic liquids. This data, which
includes yields for anions of mononucleotides, cations of an organic surfactant, and hydride ions, permits the
validity of the spike probability model to be examined over a wider range of both primary particles and impact
energies than heretofore possible. It is demonstrated that the nonlinear sputtering effects observed when liquid
organics are bombarded by atomic and multiatomic keV ions are described well when energy straggling in the
transfer of primary ion energy to the target is used as a basis for calculating the probability of forming energy
spikes. This spike probability model accounts for experimental yields in several cases where treatments based
solely on mean stopping power are found deficient. Specifically, the model’s more complete description seems
to be required when, as in the case of intact molecules sputtered from condensed organic phases, spike
phenomena predominate.@S0163-1829~97!03941-6#
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I. INTRODUCTION

It is known that nonlinear effects occur when solids a
sputtered by ions having kinetic energies in the range
1–100 keV~keV ions!. These effects are revealed as discre
ancies between the ways measured sputtering yields de
on the initial kinetic properties and the stopping powers
the incident particles and the ways linear collision casc
theory predicts these dependencies.1 Under heavy ion bom-
bardment, sputtering yields exhibit a nonlinear depende
on energy loss,2 and under cluster ion bombardment, bo
total sputtering yields3–6 and ion sputtering yields7,8 show
nonadditive dependencies on the number of atoms in
primary cluster ions~see also the comprehensive review
Andersen9!. The emission of ions of both large clusters10–13

and intact biomolecules14–17 from samples bombarded b
keV ions is a particularly striking manifestation of nonline
sputtering processes. In a recent investigation of nonlin
emission of molecular ions induced by clusters of gold a
of organics, including fullerenes, in the keV range,18 en-
hancement in yield was observed to depend on a prim
projectile’s particle number rather than its mass. All of the
phenomena stem from the rapid formation of regions of h
energy density~energy spikes! near the surfaces of the ta
gets.

When the stopping power (e5dE/dx) for a single, inci-
dent keV ion is high, as is the case, for example, whe
heavy ion strikes a target composed primarily of heavy
oms, the probability of forming an energy spike approac
unity. In this case, the impact of the incident ion, who
mean free path is comparable with the interatomic distan
in the target, can initiate numerous, overlapping cascade
elastic collisions that rapidly and efficiently impart a signi
cant fraction of the ion’s considerable kinetic energy to
small volume near the surface of the target.19,20 If the aver-
560163-1829/97/56~21!/13815~11!/$10.00
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age energy conveyed to each atom in the spiked volume
the order of the atomic binding energy, the region is rapi
converted into a hot gas that erupts in a single, collect
event that contributes to the total sputtering yield. Wh
such events occur, it is possible to neglect the losses du
energy straggling, i.e., fluctuations in stopping power, and
account for sputtering yield solely in terms of the mean va
of e. Different versions of thermal spike models21–23and the
shock wave model24 embody such a description of nonline
sputtering yields in instances of highe for keV ions.

When e is low for an incident ion, as is the case, fo
example, when a heavy ion impacts a target comprised
light elements, the probability of forming an energy spike
much less than unity. In such instances, occurrences
spikes are not revealed through the dependency of total s
tering yield one, which in these cases is linear, but rath
through a variety of anomalous effects that conspicuou
testify to the breakdown of linear transport theory.1 Various
examples have been reported. The relatively abundant
ondary emission of intact biomolecular ions, containing fro
tens to nearly thousands of atoms, from organic targets b
barded by Cs1 ~Refs. 14–17! certainly cannot be credited t
a linear phenomenon. The sputtering of ions from orga
insulators by low-energy particle beams has been revie
recently by Ens.25 Comparisons of the observed sputteri
yields per primary atom when Au is sputtered respectiv
by Xe1 and Xe2

1 with the same impact velocities6 indicate
that nonlinear effects occur with the diatomic projectiles
energies well outside the range predicted by the ther
spike model. Transmission electron micrographs of gold s
faces bombarded with Bi1 and Bi2

1 have revealed that crater
caused by only 1.5% of the Bi2

1 ~100 keV/ion! account for
about 40% of all the atoms sputtered.26 This observation in-
dicates that fluctuations in the energy deposited by prim
ions play an important role in nonlinear sputtering events
13 815 © 1997 The American Physical Society
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13 816 56IOSIF S. BITENSKY AND DOUGLAS F. BAROFSKY
Insights into the nature of nonlinear sputtering effects
duced by keV ions have also resulted from computer sim
lations. Shapiro and Tombrello found statistically significa
nonlinear yields from Cu targets for bombardment with
and Xe dimers but not for bombardment with Ar and C
dimers; in the cases of Ar and Cu, however, both the ene
and polar angular distributions of the sputtered atoms, wh
are more sensitive to nonlinear effects, exhibit features s
lar to those found for Kr impacts.27 These results emphasiz
that nonlinear effects cannot be observed in the total spu
ing yield when spikes are rare events. Furthermore, the
comes of these simulations plus secondary ion yields m
sured by others in subsequent experiments7,8 suggest that
nonlinear sputtering effects generated by multiatomic p
mary ions are more likely to be observed in the emission
multiatomic clusters than in the emission of single atom
Computer simulations of spikes induced in condensed
gases by keV-atom bombardment exhibited pronounced
currences of high sputtering fluctuations.28,29 Most recently,
Yang et al. concluded from the distributions of cascade d
fects generated in computer simulations of single ion impa
on graphite that the mean stopping power is not suitable
describing spike effects.30

The examples cited in the preceding paragraphs im
that a complete theoretical description of nonlinear sput
ing effects due to bombardment by keV ions should take i
account the probability of energy spikes arising as signific
fluctuations, i.e., straggling, in the energy losses of the
mary particles. Conrad and Urbassek31 have, in fact, shown
that fluctuations in the sputtering yield are mainly caused
fluctuations in deposited energy as conjectured earlier
Westmoreland and Sigmund.32 Probabilities of spike forma-
tion in solids have since been calculated from the distribut
of energy losses that particles experience when they pa
given distance through a target.33,34 These computations
mainly show that sputtering yield depends on the initial e
ergy of the primary ions as well as on their stopping pow
and that it is necessary to consider the probability of sp
formation when mean stopping power alone is insufficien
explain observed nonlinear sputtering effects. Yield cur
generated from this spike probability model compare w
with experimental data on biomolecules sputtered by ke
alkali ions14 and on Au sputtered by Xe2 ions.6

Results from an investigation of sputtering from an o
ganic liquid were recently reported by Yen and Barofsky35

This new body of data, which includes yields for anions
mononucleotides, cations of an organic surfactant, and
dride ions, provides an opportunity to examine the validity
the spike probability model over a wider range of both p
mary particles and impact energies than heretofore poss
In general, the number of secondary analyte ions ejec
from the surface layer of a liquid matrix is governed by t
analyte’s chemical environment, its surface activity, and
dynamic properties of the impinging primary particles. O
ganic liquid systems fall into that sputtering regime wher
there is little likelihood of an energy spike occurring. Non
theless, emission of intact ions of mononucleotides and
ganic surfactants distinctly reflects nonlinear sputtering p
nomena that should be governed by the formation of spik
Emission of the hydride ions, by contrast, indicates proces
that should be governed by the formation of linear collisi
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cascades. Hence, this data also provides a chance to te
spike probability model against the effects of energy spi
on the emission of distinctly different classes of second
ions.

In the present paper, pertinent features of the spike pr
ability model33,34 are summarized, and calculations based
the model are compared with the keV-ion sputtering d
recently obtained from organic liquids.35

II. SPIKE PROBABILITY MODEL

As an energetic particle penetrates nonorder
condensed-phase matter, the energy it loses per colli
along its path fluctuates due to the random nature of its
counters with the target atoms. If the magnitude of a giv
fluctuation in the subsurface region of the target is su
ciently large to constitute an energy spike, a nonlinear sp
tering event results. In order to convert this qualitative d
scription of nonlinear sputtering into a quantitative one, it
necessary to have~i! a criterion for the magnitude of a spike
forming energy fluctuation,~ii ! an estimate of the relative
likelihood of meeting this criterion, and~iii ! a basis for cal-
culating the sputtering yield from the magnitude of an ene
straggling event. Each of these requirements will be con
ered in turn.

When a primary ion traverses a small volume of co
densed phase matter, it creates an energy spike if every a
in that volume acquires sufficient energy to escape its bo
state.19,20 Let El be the energy lost by a primary particle a
it passes a distanced through the target, then an energy spi
will be formed if

El >EC5NhCp r̄ 2d, ~1!

whereN is the number of particles per unit volume of th
target,hc is a definite value of the same order as the bind
energy of a target atom, andr̄ is the average radial extent o
damage in a plane normal to the primary ion’s path. Sin
only those spikes formed near the surface contribute to s
tering, d must be much less than the primary ion’s range
the target. Therefore, angular deflection of the primary
over this distance can be neglected.

From passage of one primary particle to the next,
magnitude ofEl will fluctuate between 0 andE0 , the initial
kinetic energy of the primary ions. Using the expression
the probability of a monatomic ion’s energy lossf (El ,d)
derived by Lindhard and Nielson36 and assuming that eac
atom of an impacting, multiatomic, primary ion passes ind
pendently through the target, Bitensky has shown that
distribution for a multiatomic projectilef n(El ,d) is given by

f n~El ,d!5
nedAa/p

El
3/2 exp@2a~El 2ned!2/El #, ~2!

where a215E0@4M1M2 /(M11M2)2#/a05E0g/a0 ,a0 is
a numerical factor of order unity,M1 andM2 are the masses
of a primary ion and a target atom, respectively, andn is the
number of atoms in the primary ion cluster.33 It should be
noted that Lindhard and Nielson’s distribution for ener
loss was derived with an exponential cross section for ene
transfer andm5 1

2 for the Lindhard-exponent;36 nevertheless,
this model correctly describes energy loss due to stragg
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56 13 817NONLINEAR EFFECTS IN SPUTTERING OF ORGANIC . . .
and, as shown by Bitensky,33 can be applied to keV-ion bom
bardment. Obviously from inspection of Eq.~2!, the assump-
tion of independent atomic motion becomes increasingly
tenable asn grows.

When sputtering is treated as atomic evaporation aris
from a thermal spike,22,23 somewhat complicated nonlinea
dependencies of sputtering yield on stopping power are
dicted. By contrast, derivations of the sputtering yield ba
on the rudimentary thermal spike model21 and on the shock
wave model24 produce simple expressions containinge
raised to a power~v52 and 3

2, respectively!. Based on this
latter observation, only a general relationship between s
tering yield and stopping power, not a detailed mechani
model, is needed to introduce the probability of spike form
tion into the calculation of sputtering yields. Specifically,
has been presumed33 that this dependency has the simp
form

Yspike5b~El /d!n, ~3!

where b is a proportionality factor that depends on t
mechanisms of sputtering and ionization that produce
secondary ions,El /d is the effective stopping power in th
spike volume, andn is a numerical exponent.

Taking into account the criterion for generating spike
Eq. ~1!, and the probability distribution forEl , Eq. ~2!, the
average spike-yield can be calculated as

Ȳspike'bE
EC

nE0
~El /d!n f n~El ,d!dEl . ~4!

Upon substituting forf n(El ,d) and changing the integratio
variable toz5El /ned, the expression forȲspike becomes

Ȳspike'bAad

p
~ne!n11/2E

EC /ned

E0 /ed

zn23/2

3expF2anedS z1
1

z
22D Gdz. ~5!

Looking at Eq.~1!, the lower limit of the integral,Ec /ned,
is easily seen to be equal toNhc(p r̄ 2/ne); in other words,
the lower limit is inversely proportional to the energy dens
ne/p r̄ 2 created along the path of the penetrating projecti

When primary ions suffer large energy losses,Ēl 5ned is
much greater thanEc , and evaluation of the integral in Eq
~5! gives

Ȳspike~Ēl @EC!'ben, ~6!

i.e., the average sputtering yield is described solely in te
of the mean stopping power. In the opposite limit, whe
Ēl 5ned is much less thanEc , integration yields

Ȳspike~Ēl !EC!'
bne

Ap~ad!n21
~aEC!n23/2e2aEC. ~7!

The magnitude of this expression clearly depends on par
eters, other than the stopping power, that characterize a
mary ion’s energy loss at the surface when the probability
forming spikes is low; however, the expression’s form do
not depend on the mechanism by which spikes induce s
tering in condensed phase matter. Accordingly, measu
s
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values of yield in this limiting case are not expected to lie
a single curve when plotted againste, regardless of the gov
erning sputtering mechanism.

Actual use of Eq.~5! to compute values for the sputterin
yield under a specific set of experimental conditions requ
knowledge of how the average extent of damager̄ from an
energy spike depends on the various characteristics of
the primary ions and the target. An estimate ofr̄ can be made
by assuming it is approximately equal to the mean rec
range derived by Winterbonet al.37 using the interaction po-
tential U(R)5U0R21/m, i.e.,

r̄ >
~12m!T̄2m

2mNC1
, ~8!

where T̄ is the mean recoil energy, C1

5(p/2)lma2(2Z2
2e2/a)m characterizes the recoil-recoil in

teraction, lm is a fitable numerical factor, a
50.8853a0 /(&Z2

1/3), a0 is the Bohr radius,Z2 is the atomic
number of the target atoms, ande is the charge of an elec
tron. Using a differential cross section proposed by Lindh
and Nielsen,36 the following expression forT̄ has been
derived:33

T̄'
ApEd /a

2
5

ApEdE0g/a0

2
, ~9!

whereEd is the displacement energy of a target atom.

III. NUCLEAR STOPPING POWER

It was emphasized in the preceding sections that spu
ing of atomic clusters and organic molecules by bomba
ment with primary ions having low, incident, kinetic ene
gies cannot be described solely in terms of total stopp
power. Nonetheless, total stopping power is an import
parameter in such experiments, and for the purposes of
senting and discussing experimental data, it remains on
the most useful ones. Hence, a method for making accu
calculations of stopping power in the low-energy sputter
regime is required. In principle, both nuclear stopping a
electronic stopping contribute to the total stopping pow
However, the existence of an electronic stopping threshol
about 200 eV/nm has been found to exist for the ejection
biomolecules subjected to MeV ion bombardment,38 and this
threshold exceeds the electronic stopping powers calcul
for the keV-primary ions used in the glycerol experiment35

under consideration in this paper. Thus, in the case of k
ion bombardment of organic liquids, it seems safe to assu
that electronic stopping can be ignored, i.e., thate5dE/dx
5(dE/dx)nuclear.

It has been shown that the nuclear stopping power for
primary-ion energies is grossly overestimated by calculati
based on the Thomas-Fermi potential but is fairly accura
represented by calculations based on interatomic poten
calculated from first principles in the free-electro
approximation.39 In particular, nuclear stopping powe
curves calculated for the Kr-C potential were found to be
excellent agreement with experimental data. Hence in
paper, the following two-parameter expression, in whichA
50.10718 andB50.37544 for the Kr-C potential,39 has been
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13 818 56IOSIF S. BITENSKY AND DOUGLAS F. BAROFSKY
used for calculating reduced nuclear stopping power

Snuclear5
0.5 ln~11«0!

«01A«0
B , ~10!

where the reduced incident energy«05aM2E0 /
@Z1Z2e2(M11M2)#, a50.8853a0 /(Z1

1/21Z2
1/2)2/3, andZ1 is

the atomic number of the primary ion. The nuclear stopp
power (dE/dx)nuclear has been calculated by multiplyin
Snuclear by the factor 4paNZ1Z2e2M1 /(M11M2). Nuclear
stopping powers for homogeneous, multiatomic, prim
ions have been approximated in this paper as the sum o
stopping powers of the primary species’s constituent ato
i.e., emultiatom5neatom. Computer simulations of the penetr
tion of gold clusters into silicon indicate that at low incide
energies (<0.1 keV/atom) a ‘‘clearing-the-way’’ effec
dominates and that, as a consequence, the total stop
power is less than the sum of the stopping powers of
individual atoms.40 However, this effect becomes less pr
nounced as incident energies increase.

IV. EXPERIMENT

The data that provides the experimental basis for this
per was obtained by bombarding liquid organic matric
with various monatomic and polyatomic metal ions havi
kinetic energies in the range of 7–66 keV. The apparatus
procedures used to obtain this data have been describe
detail elsewhere.35 Therefore, only a condensed descripti
of the experimental system’s main features are given in
article.

All measurements were made on a specially construc
secondary ion, time-of-flight~TOF! mass spectrometer.41,42

Primary ion beams of Ga, In, Sn, Au, or Bi were produced
this instrument by a liquid metal ion column used in co
junction with a Wien filter. A liquid metal ion column gen
erates a beam of singly and multiply charged ions of m
atomic and polyatomic species of the metal selected
study. The Wien filter was set to allow only a homogeno
subset of the metal ions exiting the liquid metal ion colum
i.e., particles composed of the same number of atoms
having the same charge state, to pass through into the
source of the mass spectrometer. This arrangement perm
the composition, energy, and momentum of the primary
beam to be precisely defined for the secondary ion y
measurements.

The sputtering target consisted of either deoxyadenos
58-monophosphate~dAMP; C10H14N5O6P! or deoxyguano-
sine-58-monophosphate~dGMP; C10H14N5O7P! dissolved in
a solution of hexadecylpyridinium~HDP; C21H38N! acetate
(C2H3O2) and glycerol (C3H8O3). The role of the HDP ac-
etate, which is a surfactant, was to form ion pairs43 with the
anions of the dAMP or the dGMP and thereby localize
analyte on the surface of the glycerol matrix. The target
lution was introduced into the ion source of the mass sp
trometer as a droplet (;3 nL) hung on a small diameter~25
mm! tungsten wire similar to a bead on a string.

An unconventional method was employed to deliv
pulses of primary ions to the target. Instead of blanking
chopping the primary beam into small, temporally and s
tially bunched packets of ions, the focused primary ion be
g
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~;10mm spot diameter! was periodically swept~1.2 kHz!
across the full width of the target droplet~;160mm diam-
eter! to repeatedly sputter approximately 6 ns bursts of s
ondary ions off the target’s surface. The dose of primary io
in a given experiment was determined from the time requi
to sweep the beam across the target, the number of sw
~300 000!, and the measured beam current.

Experimental estimates of absolute yields require that
transmission of the TOF analyzer and the efficiency of
detector be known accurately. Although it is difficult to o
tain universal values for these two instrumental paramet
they can be maintained essentially constant over the co
of a series of measurements. This makes it possible to
press all the data for some fixed transmission and detec
efficiency in relative terms by dividing the number of ion
collected for each secondary ions species by the numbe
secondary ions collected for some reference species. T
for the measurements referred to in this study, the rela
yield of a given species was defined as the number of s
ondary ions detected in the TOF analyzer for a given dos
the primary ions used divided by the number of deprotona
dAMP ions produced by bombardment from a compara
dose of singly charged, monatomic, Au primary ions.

V. DISCUSSION

A. Evaluation of parameters

In order to make quantitative comparisons ofȲspike with
experimental data, it is necessary to determine the valu
the exponentn in Eq. ~5!. As is evident from Eqs.~6! and~7!
and the discussion leading up to them, the influence ofn on
Ȳspike depends on the nature of the sputtering conditio
With a high likelihood of forming spikes, Eq.~5! reduces to
Eq. ~6! in which n plays a decisive role whereas, with a lo
probability of forming spikes, Eq.~5! converts to Eq.~7! in
which the yield is relatively insensitive ton. The total rela-
tive yields measured for deprotonated dAMP from the s
face region of glycerol are plotted in Fig. 1 against the sto
ping powers of monatomic and multiatomic Bi primary ion
Bombardment with the heavy multiatomic species Bi2

1 and
Bi3

21 falls within the high probability domain of spike forma
tion, and the yields are expected therefore to depend alm
entirely on stopping power. In fact, the experimental poi
for Bi2

1 and Bi3
21 are all fit well by a single curve, eitherY

}e3/2 or Ȳspike(e,n53/2) calculated with Eq.~5! for multi-
atomic Bi ion bombardment. For this reason, all calculatio
referred to in the rest of this discussion have been made
n5 3

2 .
The Ȳspike curves shown in the figures were generated

considering the glycerol target to be a solid consisting
atoms withZ253.6 andM256.6u, the mean atomic numbe
and the mean mass respectively of glycerol (C3H8O3), and
by assigning definite values to the explicit and implicit p
rameters associated with Eq.~5!. With the exception ofb,
which appears in Eq.~3!, these parameters~listed in the cap-
tion of Fig. 1! have physical meaning and can be estima
to within at least an order of magnitude.

Since the magnitude ofhC , introduced in Eq.~1! as the
energy necessary per atom for a spike to be formed, is of
order of the binding energy of a target atom,19 its value for
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56 13 819NONLINEAR EFFECTS IN SPUTTERING OF ORGANIC . . .
an organic substance can reasonably be taken as the e
of a covalent bond, i.e., around 1 eV. The value 6 nm u
for the parameterd, which was also introduced in Eq.~1!, is
approximately one third the range of a primary ion under
given experimental conditions;d is not only characteristic o
the organic target but, as will be explained more fully later
this discussion, is also dependent on some of the dyna
properties of the primary particles.

The parametera imbedded in Eq.~2! was introduced by
Lindhard and Nielson into their probability distributio
model36 to cut off the exponential cross section for ener
transfer from a projectile to a target atom at the maxim
recoil energyE0g. Accordingly, they assumed the numeric
factora0 to be on the order of unity. In the present instan
however,a053 yielded the best fit to the experimental da
though the results of our calculations do not vary sign
cantly whena0 is changed from 3 to 2.

In linear cascade collision theory, it is shown that t
recoil-recoil interaction potential for cascading atoms w
energies lower than a few thousand electron volts is appr
mated rather well by the power expression introduced in
discussion leading to Eq.~8! whenm< 1

3 .37 Since the aver-
age energies of the cascading atoms under consideratio
on the order of hundreds of electron volts, the value 0
used form in this work seems reasonable.

The fitable parameterlm was also introduced along wit
Eq. ~8!. Our empirical value of 0.56 is about half the the
reticallm value derived by Winterbonet al.37 for m5 1

3 ; this
difference is not unreasonable when one considers that
use of Eq.~8! is in conjunction with dense collision cascad
rather than the linear ones considered by Winterbonet al.

The displacement energyEd found in the expression fo
the mean recoil energyT̄, Eq. ~9!, enters into the theory o
radiation damage in solids as the minimum recoil ene
required for a stable defect to be formed. Its magnitude
usually 4–5 times larger than the binding energy of an at

FIG. 1. Relative total yield of deprotonated dAMP molecul
from the surface region of glycerol versus the stopping powers
Bin ions (n51 – 3). Experimental data are from Ref. 35. Dash
line representsY}(dE/dx)3/2. Solid curves were generated wit
Eq. ~5! by setting hc51 eV, d56 nm, a053, m50.23, lm

50.56, andEd54 eV.
rgy
d

e

ic

,
,
-

i-
e

are
3

ur

y
is
m

in the solid under consideration; hence in the current ca
we have takenEd54hc54 eV. SinceEd comes into the
calculation of Ȳspike through T̄ as (Ed)m and since m
50.23, the value ofEd does not significantly effect the fina
result ~e.g., doublingEd only increasesr̄ by 17%!.

The factorb, which includes the probabilities of a mo
ecule being ejected as an ion and remaining intact, was
tained by fitting the theoretical curve to the single expe
mental point corresponding to the total relative yield
@dAMP-H#2 measured at the lowest stopping power con
tion examined under Bi1 bombardment. In judging how wel
the Ȳspike curves account for the experimental data, it sho
be borne in mind that neither the secondary ion yields
scribed by Eq.~5! nor the measured yields used for compa
son are absolute and, furthermore, that with one except
only the single set of values for the physical parameters
scribed in the preceding paragraph and a single value ob
corresponding to one specific secondary ion were require
generate the theoretical curves. Also noteworthy in this
gard is the fact that the same set of parametric values use
calculate the secondary ion yields for glycerol in this wo
~with the obvious exception of those ford andb! was used
by Bitensky to calculate the yields of alanine ions sputte
by alkali ions from a solid film of the compound deposite
on an aluminized polyester surface.33

B. Comparison with experiment

The nonlinearity of the secondary ion yields from the s
face region of glycerol can be seen more clearly in Fig
where the secondary molecular ion yield per incident
atom is plotted versus the kinetic energy per incident
atom. The largest effect occurs when the primary ion
changed from Bi1 to Bi2

1. The fact that the yield per atom o
Bi2

1 is about four times greater than that per atom of Bi1 is
striking considering that sputtering yield increases fai
slowly with primary ion energy and that the total kinet
energy of a Bi2

1 projectile is only twice that of a Bi1 projec-
tile.

Analogous comparisons between yields measured
deprotonated dAMP under bombardment by monatomic
multiatomic Au ions and theoretical curves generated fr
Eq. ~5! are shown in Figs. 3 and 4. The trends seen in F
3 and 4 agree with those seen in the molecular ion yie
measured by Benguerbaet al.7 by subjecting solid organic
films to bombardment from clusters of gold atoms.

From the curves presented in Figs. 1–4, it is clear that
probability of spike formation influences the secondary i
yield of large, intact molecules from the surface region o
condensed phase organic matrix when the latter is b
barded by heavy, monatomic ions such as Au1 and Bi1.
Further evidence for the influence of energy spikes on n
linear sputtering effects produced by keV ions is contained
the yield data for the lighter, monatomic, primary ions G1

and In1. Secondary ion yields of deprotonated dAMP mo
ecules from the surface region of glycerol are shown ver
nuclear stopping power and primary ion energy, respectiv
in Figs. 5 and 6 for the primary ions Ga1, In1, and Bi1.
Again the results of calculation with Eq.~5! are seen to agree
satisfactorily with the experimental data. The fact that t
fitted parameters have the same values for all of the theo

f
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ical curves shown in the two figures supports the assump
that these parameters depend solely on the characteristi
the matrix and the secondary molecule.

Derivations based on the existing spike models21–24 lead
to expressions for secondary ion yield that depend only
some power ofe and predict, therefore, that secondary i
yield should mimic relative trends in stopping power. T
experimental points plotted in Figs. 5 and 6 clearly do not
on a single curve. Hence in this instance, stopping po
alone does not account for the observed secondary mole
ion yields, a fact that fundamentally typifies nonlinear sp
tering phenomena observed under keV-ion bombardm
The calculated nuclear stopping powers of the three m

FIG. 2. Relative yield of deprotonated dAMP molecules p
atom of a primary Bin ion (n51 – 3) versus the impact energy p
incident atom. Experimental data are from Ref. 35. Curves w
computed with Eq.~5! using the same values for the adjustab
parameters as given in Fig. 1.

FIG. 3. Relative total yield of deprotonated dAMP molecul
from the surface region of glycerol versus the stopping powers
Aun ions (n51 – 3). Experimental data are from Ref. 35. Dash
line representsY}(dE/dx)3/2. Solid curves were generated wit
Eq. ~5! using the same values for the adjustable parameters as g
in Fig. 1.
n
of

n

e
r
lar
-
t.

n-

atomic primary ions Ga1, In1, and Bi1 are shown in Fig. 7
as a function of the kinetic energy of the primary ions. Fro
the figure, it can be seen thate(Bi)/ e(Ga)51 at E0
'17 keV. This being so, it is remarkable that at this impa
energy the secondary molecular ion yield resulting fro
bombardment by Bi1 is about one order of magnitude larg
than that resulting from bombardment by Ga1 ~Fig. 6!.
Moreover, the trends of the Bi1 and Ga1 data plotted in Fig.
6 suggest that the yield for Bi1 remains significantly higher
than that for Ga1 even at incident energies below 17 ke
where, according to Fig. 7,e(Bi)/ e(Ga),1.

To gain a better understanding of how the relative yie
from two bombarding species can behave oppositely to t

r

e

f

en

FIG. 4. Relative yield of deprotonated dAMP molecules p
atom of a primary Aun ion (n51 – 3) versus the impact energy pe
incident atom. Experimental data are from Ref. 35. Curves w
computed with Eq.~5! using the same values for the adjustab
parameters as given in Fig. 1. Solid curve is for Au1, the dashed
curve is for Au2, and the dotted curve is for Au3.

FIG. 5. Relative total yield of deprotonated dAMP molecul
from the surface region of glycerol versus the stopping powers
Ga1, In1, and Bi1. Experimental data are from Ref. 35. Sol
curves were generated with Eq.~5! using the same values for th
adjustable parameters as given in Fig. 1.
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relative energy losses in the target, it is useful to exam
how the magnitude of the secondary ion yield predicted
Eq. ~5! depends on the integral’s lower limit. This behavi
is governed by the probability of energy-loss straggling
pressed in the distribution functionp(z)5exp@2aned(z
11/z22)] found in the integrand of Eq.~5!. The spread of
this function about its maximum atz5(El /ned)51 is de-
termined by the characteristics of the bombarding spe
through the quantityaned. For the range of primary ion
impact energies under consideration in this paper,aned is
greater than unity. Plots ofp(z) are shown in Fig. 8 for Ga1,
Bi1, and Bi2

1 particles incident on glycerol. The integral
lower limit Ec /ned exceeds 1 for bombardment of glycer
by 17 keV Ga1 or Bi1 ~Fig. 8!. It will be recalled from the
statement immediately following Eq.~5! that Ec /ned is in-

FIG. 6. Relative total yield of deprotonated dAMP molecul
versus the impact energy of the primary ions Ga1, In1, and Bi1.
Experimental data are from Ref. 35. Curves were computed w
Eq. ~5! using the same values for the adjustable parameters as g
in Fig. 1.

FIG. 7. Nuclear stopping powers of Ga1, In1, and Bi1 in glyc-
erol versus primary ion impact energy. The stopping power cur
were calculated using Eq.~10! for the Kr-C potential~Ref. 39! and
Bragg’s law.
e
y

-

s
versely proportional to the energy densityne/p r̄ 2 left in the
wake of a primary particle. Inspection of Eqs.~8! and ~9!
quickly reveals that r̄ 2 is proportional to (g/4)2m

5@M1M2 /(M11M2)2#2m, which under the conditions be
ing considered~viz. M1>70u andM256.6u! reduces effec-
tively to r̄ 2}(M2 /M1)2m. Thus, form50.23 ~see caption
for Fig. 1!, r̄ 2(Ga)/r̄ 2(Bi)'(209/70)0.46'1.7. Since
e(Ga)/e(Bi) 51 at E0'17 keV ~Fig. 7!, @Ec /ned(Ga)#/
@Ec /ned(Bi) #5@ r̄ 2/e(Ga)#/@ r̄ 2/e(Bi) #'1.7. In other
words, a 17 keV Bi ion loses the same amount of energy
a 17 keV Ga ion over a given distance in glycerol, but t
energy density generated along the Bi projectile’s path is
times greater than that along the Ga projectile’s. Therefo
the integral in Eq.~5! has a smaller lower limit for a Bi1

impact than for a Ga1 impact, which, as seen in Fig. 8, give
rise to a dramatic increase in the probability of spike form
tion and, therefore, the yield produced by Bi1 over that pro-
duced by Ga1.

Multiatomic keV projectiles, such as Bi2 and Bi3, raise
the energy density along their paths through glycerol mu
more than monatomic species. The lower limit of the integ
in Eq. ~5!, Ec /ned, reflects this physical situation by becom
ing less than 1~Fig. 8!. Thus, the integral becomes weak
dependent on its lower limit and reduces to the form giv
by Eq.~6!, which correctly predicts that the yields generat
by multiatomic projectiles will for all practical purposes fa
on a single energy-loss curve as is seen in Figs. 2 and 4

The yield of the surfactant cations, HDP1, from glycerol
was also reported by Yen and Barofsky.35 They were able to
extend their measurements of this secondary species, w
is the principal counter ion to@dAMP-H#2, into a lower

th
en

s

FIG. 8. Plots ofp(z)5exp@2aned(z11/z22)# versusz for 17
keV/atom Ga1, Bi1, and Bi2

1 impacting on glycerol:aned
54.7(Ga1), 12.8(Bi1), and 25.6(Bi2

1). Arrows point to values on
the abscissa corresponding to the lower limit of the integral in
~5! for the indicated projectiles. For comparison, the integra
lower limit for 17 keV/atom Bi3

1 is indicated on the abscissa, bu
the curve for this ion is not shown~it would be narrower than the
curve for Bi2

1!. The magnitudes of the yields predicted by Eq.~5!
for bombardment by Ga1 and Bi1 are proportional, respectively, to
the area under the Ga1 curve indicated with crosshatched lines a
the area under the Bi1 curve indicated with diagonal lines; thes
areas represent the probabilities respectively of a Ga1 primary and
a Bi1 primary forming an energy spike.
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range of impact energies~7–21 keV! than was possible fo
@dAMP-H2]. The yield of HDP1 versus primary ion energy
is shown in Fig. 9. As in the case of@dAMP-H#2 ~Fig. 5!, the
experimental points produced by the monatomic prima
Ga1, In1, and Bi1 fall on distinctly different curves. Figure
9 also shows the yield of HDP1 predicted by Eq.~5!. The
calculated curves are, for the most part, in good agreem
with the experimental points indicating that energy stra
gling plays basically the same role for the cation as for
anion. It is worth emphasizing that evaluation of Eq.~5! for
HDP1 only required that the values of the two parameterb
and d be changed from those used for dAMP~see caption
under Fig. 1!.

It is also evident from Fig. 9 that, for incident energi
less than about 10 keV, Eq.~5! underestimates the yield o
HDP1 secondaries; this discrepancy is especially p
nounced in the case of Ga1, the lightest projectile. A similar
disagreement was found to exist between the yields of p
tive molecular ions of alanine sputtered off aluminized M
lar substrates by keV-alkali ions14 and the yields calculated
from the spike probability model.33 These differences be
tween experiment and theory can be explained in large
by examining howd, the parameter that describes the thic
ness of the zone where the spikes are initiated, depend
the kinetic energy of the primary ions. For values ofd on the
order of one or two mean interatomic spacings in a c
densed phase, a primary ion can only unleash one or
nonoverlapping elastic collision cascades; therefore,
probability of spike formation is low. For values ofd on the
order of an incident ion’s full range of penetration, the pro
ability of forming spikes is also low unless the mean sto
ping power is quite high. Between these two extremes, th
exists ad that maximizes the probability of spike formatio
The calculated curves for@dAMP-H#2 shown in Figs. 1–6
indicate that this optimal distance remains effectively co
stant over a broad range of primary ion energies. Wh
however, incident ion energies become comparable toEc ,

FIG. 9. Relative total yield of HDP1 from the surface region o
glycerol versus the primary ion’s energy. Experimental data
from Ref. 35. Curves were computed with Eq.~5! using the same
values for the adjustable parameters as given in Fig. 1 excep
those ofb andd.
s
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energy deposition apparently becomes more efficient,
consequently, spikes are initiated in a narrower zone. Exa
nation of the yield curves in Fig. 9, which were calculat
for d54.5 nm andd55.0 nm, indicates that this circum
stance arises as both incident energies become lower
projectiles become lighter. For example, the yield of HDP1

induced by heavy Bi1 impact is practically insensitive to th
reduction ind from 5.0 to 4.5 nm, whereas the yields in
duced by Ga1 and In1 are clearly best fit by Eq.~5! when
d54.5 nm. It is remarkable that in the lower range of impa
energies the yield induced by Bi1 primaries remains abou
one order of magnitude larger than that induced by Ga1 pri-
maries~Fig. 9! despite the fact that the stopping power of
Bi1 in this range is less than that of a Ga1 ~Fig. 7!.

Linear cascades contribute negligibly to the desorption
intact organic molecules but significantly to the second
emission of individual atoms. Therefore, the availability
experimental data for the emission of hydride ions35 provides
an opportunity to apply the spike probability model to a si
ation in which linear cascades should be taken into acco
The experimental yield of H2 is shown in Fig. 10 plotted
against the nuclear stopping powers of a variety of prim
ions. In addition, Fig. 10 shows curves generated with
~5! for monatomic and multiatomic bombardment and, f
comparison, a curve predicted from Sigmund’s linear c
cade theory.1 It is noteworthy that with the exception of th
value of b, which is specific to a given secondary speci
the values of the parameters used to calculate the curve
H2 yield in Fig. 10 were the same as those given in Fig.

In contrast to the desorption of intact organic molecul
the yields of H2 for all four of the atomic projectiles Ga1,

e

or

FIG. 10. Relative total yield of H2 from the surface region of
glycerol versus the stopping powers of several monatomic and m
tiatomic primary ions. Experimental data are from Ref. 35. T
curves for Bi1, In1, Bi2

1, and Bi3
1 were computed with Eq.~5!

using the same values for the adjustable parameters as given in
1. The dotted curve isYlinear}(dE/dx) ~the absolute value of H2

yield cannot be calculated from cascade theory!. The contribution to
H2 yield resulting from the spike induced by an impacting Ga1 is
such a small percentage of that resulting from the linear casc
induced by the same particle that the curve for H2 yield calculated
from Eq. ~5! ~not shown! nearly coincides withYlinear. The curves
for the H2 yields induced by the impact of Aun

1 particles are not
drawn because they are nearly indistinguishable from those sh
for Bin

1 impacts.
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56 13 823NONLINEAR EFFECTS IN SPUTTERING OF ORGANIC . . .
In1, Au1, and Bi1 lie, within experimental error, on the
single straight lineYlinear}(dE/dx) predicted from linear
cascade theory. The curves for monatomic projectiles ge
ated from the spike probability model, i.e., Eq.~5!, all lie
slightly aboveYlinear, but they are still within the margins o
the data’s experimental error. Thus, if it is assumed that
yields of a secondary ion due respectively to linear casca
and spikes are additive, i.e.,Yobserved5Ylinear1Yspike, it is
evident from Fig. 10 that under monatomic ion bombardm
spike effects do not play a significant role in the second
emission of H2.

The experimental yields of H2 resulting from multiatomic
bombardment are more scattered than those from monat
bombardment; nevertheless with the exception of a sin
point for Bi2

1, they all obviously lie well aboveYlinear. In
contrast to the linear cascade model, the spike probab
model produces different curves for the yields of H2 due to
monatomic ion bombardment and those due to multiato
ion bombardment. Similarly, Stenumet al.44 found in their
analysis of the experimental results reported by Oliva-Flo
et al.6 that the yields produced by monatomic and mu
atomic projectiles fell upon separate curves; subsequ
analysis of this same data within the framework of the sp
probability model disclosed the same feature.34 The curves
produced by Eq.~5! for multiatomic projectiles reflects rea
sonably well the enhancement in the measured yields de
the experimental scatter. This, of course, suggests that
tributions fromYspike are much more pronounced for mult
atomic ion bombardment than for monatomic ion bomba
ment.

C. Possibility for future experiments

The spike probability model predicts that the nonline
increase in the yield of intact molecules due to multiatom
ion bombardment should become more pronounced for
jectiles composed of light elements. This outcome of
model is most conveniently expressed in terms of the
hancement factor introduced by Benguerbaet al.7

tmn5
Ym /m

Yn /n
~m.n!, ~11!

whereYm andYn are the secondary ion yields due to eq
velocity projectiles havingm and n atoms of the same ele
ment, respectively. In the absence of nonlinear phenom
the secondary ion yield depends linearly on stopping pow
i.e., Yn}n(dE/dx), and consequently, the enhancement f
tor tmn51. For the earlier spike models,19–23 in which Yn
}nn(dE/dx)n(n.1), Eq. ~11! reduces to

tmn5S m

n D n21

. ~12!

However, the spike probability model under discussion in
present paper leads to this simple relation only when
stopping power of the primary ion is high enough for Eq.~6!
to prevail. When the stopping power of the primary ion
low and the expression forȲspike is given by Eq.~7!, the
magnitude of the enhancement factor becomes much gre
than predicted by Eq.~12!.
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Plots of various enhancement factors versus primary
energy per atom, which were calculated using Eqs.~6! and
~12! for deprotonated dAMP sputtered from glycerol by Inn
and by Bin , are displayed in Fig. 11. For the heavier Bn
projectiles,t21'4.5 andt31'5.5; in light of the data shown
in Fig. 2, these values are in good agreement with exp
ment. By comparison, Eq.~12! with n5 3

2 givest21'1.4 and
t31'1.7, values that are less than one third of those predic
by the spike probability model. These contrasting results e
phasize the significance of taking into account the proba
ity of spike formation, which is relatively high when glycero
is bombarded by multiatomic projectiles. For the lighter In
projectiles, the difference between the yield enhancem
factors calculated from Eq.~5! and those calculated from Eq
~12! are even more pronounced than in the case of Bin pri-
mary ions~Fig. 11!; this is especially so for impact energie
below 15 keV. Comparing two- and three-atom projectil
the yield enhancement factors obtained from Eq.~5! turn out
to be nearly the same for both Inn and Bin primary ions
(t32'1.24) as well as to be very close to the value obtain

from Eq. ~12! @ t325( 3
2 )0.5'1.22#. Measurements of en

hancement factors for much lighter projectiles, e.g., Ga
Al, would make it possible to test the spike probabili
model in a stopping power domain heretofore unexplored

Nonlinear sputtering yields were not observed in a rec
study carried out with coronene, coronene dimers, C37, C60,
and C70 as projectiles.18 This experimental result would ap
pear to contradict our prediction that bombardment w
clusters of light elements should produce large enhancem
in molecular yield. However, the incident energy per atom
the big clusters used in these experiments was just a
hundred eV, considerably below that which is necessary
create spikes as discussed in this paper. In such case
seems more likely that the sputtering yield depends on
projectile’s total kinetic energy rather than its stoppi
power. If one assumes that the sputtered particles origin
from a crater whose volume is proportional to the total

FIG. 11. Enhancement factorstmn ~m52 and 3,n51 and 2! for
@dAMP-H#2 bombarded by Inn and Bin as a function of the kinetic
energy per atom of the incident particle. No enhancement would
expected in the absence of nonlinear phenomena, this is repres
by tmn51 ~dotted line!.
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13 824 56IOSIF S. BITENSKY AND DOUGLAS F. BAROFSKY
netic energy of the incident cluster as recently proposed
Zubarevet al.,45 one finds that the emission yield per un
mass of the incident projectile is, in fact, proportional to t
energy per unit mass of the incident projectile as observed
Boussofiane-Baudinet al.18

VI. CONCLUSIONS

The nonlinear sputtering effects observed when liquid
ganics are bombarded by atomic and multiatomic keV io
are described well when energy-loss straggling in the tran
of primary ion energy to the target is used as a basis
calculating the probability of forming energy spikes. It
noteworthy that this spike probability model accounts
experimental yields in several cases where treatments b
solely on mean stopping power are found deficient. Spe
cally, the model’s more complete description seems to
required when, as in the case of intact molecules sputte
from condensed organic phases, spike phenomena pred
d
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nate. In the case of light projectiles, it would be worthwh
to calculate enhancement factors and use the results as
dictions to guide further experimentation. Such experime
would have the added benefit of providing information abo
the exponentn that governs the secondary ion yield’s no
linear dependence on the stopping power in Eq.~5!.
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