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Synopsis

Particle-beam excitation of materials composed of thermally labile bio-organic molecules causes 

sputtering into the gas phase of intact molecules as well as their fragments. The desorbed ionic 

components, easily detected, form the basis for mass spectrometric applications. Keen interest in 

understanding desorption phenomena has been driven by the prospects for measuring increasingly 

higher molecular masses. The key question is: How can a fragile bio-organic molecule be desorbed 

intact by an inherently destructive incident energetic ion? In this paper, several prominent 

desorption theories are reviewed. Models involving ‘collective’ motion, such as the ‘pressure pulse’ 

model, seem most effective at explaining how large molecules acquire enough momentum to be 

desorbed without simultaneously acquiring enough internal energy to be dissociated. Weaknesses 

in the current state of our knowledge are identified. In particular, a lack of comprehensive 

knowledge on ejection of neutral molecules strongly impedes the validation of theoretical models.

Contents

1 Introduction 352

2 Collision Cascade Desorption 355

3 Hit Theory Description of Desorption 359

4 Thermal Models of Desorption 363
4.1 Thermally Activated Desorption............................................................. 363
4.2 Thermally Induced Bulk Desorption....................................................... 369



352 MfM 43

5 Shock Wave Models of Desorption 380

6 Pressure Pulse Models of Desorption 387

7 Concluding Remarks 396

References 398

1 Introduction

It is well known that sputtering of bio-molecular ions may be induced by energetic 
particle impacts on organic targets. Reports on MeV-fission-fragment-induced des
orption were first published by Torgerson et al. (1974) and Macfarlane &: Torgerson
(1976). Meanwhile, Benninghoven et al. (1976) observed that keV atomic ions can 
also induce desorption of biomolecular ions. Finally, scattered works have appeared 
on keV cluster- and molecular-ion-induced desorption of molecules from organic 
targets. Recent examples include the works of Ledbetter et al. (1987), Mahoney et 
al. (1991), Kaufmann et al. (1992), and Martens et al. (1992).

In a generic ion impact, desorption experiment, energetic projectiles impinge on 
an organic solid composed of bio-molecules which are bound together by hydrogen, 
ion-pair, and van der Waals bonds. A typical cohesive binding energy is of the order 
of a few electron volts (eV) per molecule. Close to the projectile path through 
the solid, the deposited energy density is extremely high and causes extensive 
fragmentation of target molecules. But over time, locally deposited energy diffuses 
outwards from the initially excited region. Eventually, several different kinds of 
species are desorbed from the target, including neutral and charged fragments 
and whole molecules. The observation of intact bio-molecule ejection has proved 
particularly interesting in view of the inherently damaging nature of the incident 
energetic projectiles. The readily detected desorbed ions form the basis of powerful 
mass spectrometric techniques applicable in the biological sciences.

A desorption event in response to an energetic projectile impact is the end 
result of a large number of processes, all of which are in principle amenable to 
theoretical treatment. One would begin by modelling energy deposition and the 
creation of kinetic energy in the excited solid. In the case of keV atomic and 
cluster projectile impact, target particle motion is directly excited, but in the case 
of MeV atomic projectiles, target particles are set in motion indirectly through 
relaxation of electronically deposited energy. This conversion occurs via relaxation 
of repulsive electronic states (as in the case of a Coulomb explosion, for example), 
molecular expansion after vibrational excitation, or chemical energy release. One 
would next model what could be referred to as ‘direct’ desorption processes in
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which a particular molecule is ejected due to its own repulsive interactions with 
neighbouring molecules. One would then proceed to model what could be referred 
to as ‘indirect’ desorption processes which reflect the spatial evolution of energy 
to regions quite far beyond that in which energy is initially deposited. Finally, 
one would model the further evolution that may take place in energized species 
during and after desorption. Such further evolution may modulate the charge 
state and degree of clustering or fragmentation, determining critically what species 
is eventually detected far away from the sample.

A brief consideration of salient experimental results provides strong indications 
that indirect desorption mechanisms are of dominant importance for desorption of 
organic materials under particle beam excitation. Consider first the case of MeV 
atomic ions incident on organic solids. A typical example is 90 MeV 127IL4+ incident 
on a leucine target (MW 131 u). The electronic stopping power (dE/dx)e of the ions 
in this target is about 1000 eV/Å; approximately half of the ion energy is deposited 
within an ‘infratrack’ of radius 5.6 Å (Brandt & Ritchie, 1974), giving an energy 
density there of about 5.1 eV/Å3. The volume occupied per leucine molecule is 
approximately 125 Å3, meaning that each leucine molecule in the infratrack receives 
640 eV of energy. Since the total internal molecular binding energy of leucine is 
only about 100 eV, molecules in the infratrack will be completely fragmented. 
Because energetic secondary electrons leave the infratrack and cause additional 
modifications to surrounding target material, the radius 5.6 Å can be considered 
to be a lower limit on the size of the region which is completely damaged by the 
incident ion. Salehpour et al. (1986) have examined the fluence dependence of 
the desorbed leucine ion signal, which they have used to extract ‘damage radii’ 
of around 30 Å. Because the ion yield may not be representative of the much 
larger neutral yield, the interpretation of the ion fluence dependence in terms of 
damage is tentative, and 30 Å should be regarded as a rough upper limit on the 
size of the region which is completely damaged by the incident ion. Salehpour et 
al. (1986) have also measured the neutral ejection yield of leucine molecules to be 
about 1200 leucine molecules per incident ion. If the desorbed volume is assumed 
to be a half-sphere, then the radius of this volume is around 40 Å, larger than the 
above estimates of the damaged area around the ion track and much larger than 
the size of the primary excited region of the ion track. Thus, a large number of 
ejected intact molecules come from outside the region of the target which is directly 
excited and damaged by the incident energetic particle.

Consider next the case of keV atomic projectiles incident on an organic mate
rial. Such ions slow down mainly by undergoing screened elastic nuclear collisions 
which set target atoms in motion. (A small fraction of the projectile energy is 
lost in ionization events as well.) Whitlow et al. (1987) have performed computer 
simulation studies of the slowing down of 10 keV Xe ions in a biomolecular target 
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(relative atomic composition: C3H5NO, 71 u). In these simulations, although the 
range of this projectile into the target is 200 Å, at a distance of only 10 Å laterally 
away from the ion track the deposited energy density is already an order of magni
tude less than it is at the impact point. Wong et al. (1985) measured the absolute 
sputtering yield of 6 keV Xe ions incident on liquid glycerol (92.09 u) and found it 
to be in excess of 1000 glycerol molecules per incident ion. If the desorbed material 
is assumed to come from a contiguous volume in the form of a half-sphere, then the 
diameter of this volume is at least 80 Å, quite a bit larger than the apparent ra
dial extent of the collision cascade. Even the assumption that the whole energized 
region of the target is ejected as a gas jet would only account for about half of the 
observed ejection yield. Again, one concludes that a large number of ejected intact 
molecules come from outside the region of the target w’hich is directly excited by 
the incident energetic particle.

Finally, consider the case of keV and MeV clusters impacting organic targets. 
Ledbetter et al. (1987) have bombarded tobacco mosaic virus with energetic water 
clusters such as 275 keV (H20)2ooH+. The impact of such an ion on this organic 
target generally removed a 160 Å long ‘slice’ of the 180 Å diameter cylindrical 
virus, the slice being perpendicular to the long cylindrical axis. The water cluster 
ions employed in the virus bombardment study are thought to be ‘ice balls’ rather 
than ‘snow flakes’, meaning that their diameters range from 23 to 50 Å depending 
on their exact shape. Each oxygen atom in the projectile has a kinetic energy of 
about 1.2 keV, and neglecting cluster effects, such an atom would deposit its energy 
in a volume of diameter 30 to 40 Â based on simple stopping power considerations 
and a primitive collision cascade picture. Comparing the volume of the initially 
energized region of the virus to the volume of the impact-induced crater, it is seen 
that 90 to 95% of the desorbed molecules come from outside the initially energized 
region.

Johnson (1987) performed an extensive review of theoretical models extant at 
that time, and Sundqvist (1991) and Johnson & Sundqvist (1992) have given short 
summaries of the current experimental and theoretical status of biomolecular des
orption. However, there does not seem to exist any extensive and comprehensive 
current review of theories of particle impact induced organic molecule desorption. 
In this article, such a review is attempted. The main theories which are covered 
are: collision cascade; ion track; evaporative thermal spike; bulk desorption (gas
flow); shock wave; and pressure pulse. In each case, the theory is described in some 
detail, and its validity in various arenas of applicability is specified. Because cur
rently available experimental evidence suggests that ejected molecules come from 
relatively far away from the region that is initially energized, it is concluded that 
ejection mechanisms characterized by ‘indirectness’ or ‘collective motion imparted 
at a distance’ are currently the most satisfactory. Consequently, bulk desorption,
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Figure 1. Schematic diagrams of collision cascade sputtering of atoms and molecules, a) Collision 
cascade in an atomic solid. Five atoms are sputtered. b)-d) Collision cascades in an organic 
solid, b) At early times, the cascade has an atomic character, c) At late times, the cascade has 
a molecular character, d) One molecule being ejected by several atoms impacting from below, 
e) Schematic diagram of statistical models. Left, model of Haring et al. (1987). Right, model of 
Hoogerbrugge &; Kistemaker (1987).

shock waves, and pressure pulses describe the widest range of data, though other 
models discussed are not without their regimes of applicability. Molecular dynam
ics simulation results are included as theory and are discussed where applicable, 
and it is seen that well-designed simulations provide crucial insight into both ex
perimental and analytical theoretical results. It is finally noted that the lack of 
comprehensive data on ejection of neutral bio-organic molecules is a strong imped
iment to evaluating the validity of theoretical models. Therefore, experimentalists 
are directed to devote more effort to probing the neutral ejecta.

2 Collision-Cascade Desorption

The collision cascade model is considered to be germane mainly for cases in which 
keV atomic ions are incident on solid matter. In this ‘low velocity’ regime, the 
projectile velocity uo is less than the Bohr velocity upohr, and the incident ion 
energizes atoms in the target through screened elastic nuclear collisions. Target 
atoms, set into motion, undergo subsequent collisions, setting a second generation 
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of atoms into motion. The total ensemble of energized atoms is referred to as a 
‘collision cascade’ as long as the energy density is not ‘too high’. The energy density 
is considered to be too high if most of the atoms in the collisionally energized region 
of the target are in motion, or if moving atoms tend to collide with other moving 
atoms rather than with atoms at rest. A schematic diagram of an atomic collision 
cascade is shown in fig. la.

Collision cascade theory for atomic solids is well-established and has been de
scribed at length by Sigmund (1969, 1969a, 1981). A Boltzmann integral equation 
approach is employed with its underlying assumption of ‘molecular chaos’ and ran
domization of the particle coordinates and velocities after each collision according 
to some statistical distribution function. Solution of the Boltzmann integral equa
tion leads to the conclusion that, inside the solid, the distribution of recoil atoms is 
isotropic and is characterized by a kinetic energy spectrum N(E) oc E~2. This is 
the result of a series of two-body collisions between moving and stationary atoms. 
Taking into account energy lost by atoms moving towards the surface and the 
surface barrier, total and differential sputtering yields are calculated. For rather 
low incident particle kinetic energies and high desorbed atom kinetic energies, the 
desorbed atom kinetic energy spectrum scales as E~2. The peak in the energy 
distribution is located at U/2, where U is the surface binding energy. The sput
tering yield is proportional to the nuclear stopping power, (dE/dx)n. This model 
describes quite well the sputtering of metal targets by keV atomic ions. Falcone 
(1987, 1990) has presented additional comments on collision cascade theory.

The question of how collision cascade theory should be generalized to the case 
of a molecular solid is in detail a complex one. Hoogerbrugge and Kistemaker 
(1987) have pointed out that the initial, more energetic portion of the collision 
cascade can be described by the atomic collision cascade model, but that ‘in a 
later, low energy, stage of the cascade the presence of relatively strong bonds forces 
the complete molecules to take part in the collisions and the atomic picture loses 
its value.’ Schematic diagrams showing the situations at these extremes in time 
are shown in fig. lb,c. One theoretical approach to collision cascade sputtering of 
molecules is a ‘statistical’ model in which a point of view intermediate to the atomic 
and molecular pictures is taken. In this model, a molecule at the surface is assumed 
to be impacted from below by a number of atoms, and these impacting atoms are 
assumed to have a kinetic energy distribution given by the atomic collision cascade 
picture, N(E) ex E ~2. This simplified situation is shown in fig. Id.

Haring et al. (1987) have calculated kinetic energy and angular distributions 
of desorbed diatomic molecules using the statistical model, and they have gener
alized their results to the cases of larger polyatomic molecules. Their model is 
based closely on a similar model due to Können et al. (1975), which describes the 
desorption of clusters formed from separate atoms on the surface. Briefly, each 
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atom (‘target atom’) in the polyatomic molecule to be desorbed is assumed to be 
impacted by a moving atom from the substrate below. The target atom is assumed 
to gain kinetic energy as though it were a participant in a collision cascade; that 
is, after the collision, it is characterized by an isotropic velocity distribution and 
kinetic energy spectrum N(E) oc E. The momenta acquired by the target atoms 
are assumed to be uncorrelated. The resulting distribution in total momentum and 
internal energy is given as an integral over a product of the single atom momentum 
distribution functions y(p) with the proviso that the total internal energy must not 
exceed the binding energy of the molecule. The final desorbed molecule parameters 
are calculated as in standard collision cascade theory. The chief result of this the
ory is as follows: for a polyatomic molecule consisting of m atoms, each of which is 
impacted by one recoil atom from a collision cascade in the substrate, the desorbed 
molecule kinetic energy spectrum for large kinetic energies scales as E°-5~2-5m. For 
m — 1, the kinetic energy distribution for high kinetic energies reduces to the usual 
form, which is proportional to E~2 for the atomic collision cascade. The steeper 
energy distribution for polyatomics is related to the possibility for fragmentation 
if the internal energy is too great. Urbassek (1987) has made additional comments 
on the sputtering of molecules by a collision cascade.

Hoogerbrugge & Kistemaker (1987) have extended the model of Haring et al. 
(1987) in the sense that a polyatomic molecule containing m > 2 atoms is con
sidered to be impacted by exactly two atoms originating in a collision cascade. 
Each atom from below is assumed to collide with a portion, or ‘sub-unit’, of the 
molecule to be desorbed. A schematic diagram of the proposed idea is shown in fig. 
le. Each sub-unit is considered to receive a correlated momentum as a whole, but 
the momenta of the two sub-units are assumed to be uncorrelated. For a molecule 
composed of two sub-units, momentum space analysis yields an asymptotic kinetic 
energy spectrum which is the same as that predicted by Haring et al. (1987) for 
a diatomic molecule impacted by two collision cascade atoms. That is, the des
orbed molecule kinetic energy distribution is proportional to E-4-5 for high kinetic 
energies.

Garrison (1983) has employed a classical dynamics simulation to demonstrate 
that collision cascade sputtering of organic molecules is indeed feasible. The simu
lated situation was that of a 1 keV Ar+ incident upon a Ni(001) crystal on the sur
face of which had been adsorbed flat organic molecules as large as C24H12 (300.4 u). 
The simulation results suggest that a cascade in the underlying solid is capable of 
ejecting large organic admolecules from the surface. However, such admolecules 
have to be struck simultaneously by two or three atoms from the underlying solid 
in order for ejection of the intact molecule to take place. This is a good example 
of what appears to be a general principle: desorption of a large molecular moiety 
with sufficiently low internal energy to avoid fragmentation requires some kind of 
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‘collective’ desorption process, in this case a fortuitous push in the same general 
direction by several atoms colliding from below.

Well-designed classical dynamics simulations may be employed in order to gain 
an intuitive feel for the validity of statistical models in describing molecular desorp
tion during collision cascades. Shapiro & Tombrello (1992) have reported results of 
classical dynamics studies of ejection of dimers and larger clusters from ion bom
barded Cu. Those authors judge that statistical models even of dimer ejection are 
too simplistic to adequately describe the cluster ejection process. In particular, the 
surface is not well-defined when cluster ejection occurs, and each atom in the clus
ter undergoes multiple (and probably correlated) collisions with various underlying 
and neighbouring atoms. The possible parallels between cluster desorption and 
molecule desorption, exploited to generate the statistical models discussed above, 
are obvious but have not yet been validated extensively. Probably classical dynam
ics simulations are an important key to understanding collision cascade desorption 
of molecules from surfaces.

In the general arena of bio-organic.molecule desorption, collision cascade theory 
has mostly been applied to the case of sputtering of molecular ions from glycerol, 
a commonly employed fast atom bombardment (FAB) matrix. Typically, no con
sideration is given to the fact that one detects desorbed ions but compares the 
measurements with results of theories of neutral particle ejection. One focus of 
experimental work has been on measuring the desorbed ion kinetic energy distri
bution in the limit of large kinetic energies. Generally, asymptotic power laws 
of the form E~x are observed. A good example of this work is that of Hooger- 
brugge et al. (1987) who have studied the emission of ions like Na+, GlyNa+, and 
(NaCl)2Na+ from a glycerol matrix. The theoretical results of Haring et al. (1987) 
and Hoogerbrugge & Kistemaker (1987) were generalized to obtain the number of 
‘hits’ necessary to desorb an ion: m = (x + 0.5)/2.5. For the ions listed above, m 
= 1.0, 2.1, and 3.3 were respectively obtained. In general, m was rather close to 
being an integer, supporting its interpretation as a number of ‘hits’. Since some of 
the molecular ions contained more than three atoms, a ‘hit’ is considered to involve 
a group or ‘sub-unit’ of atoms in the molecule.

Even though collision cascade desorption probably does occur for these glycerol 
liquid matrices, the model does not account for the dominant fraction of the yield. 
Yen et al. (1992) and Yen (1992) have studied the ion yield from pre-formed analyte 
molecular ions bound to the surface of a glycerol liquid drop by a surfactant. The 
ion sputtering yield scales as [(dE/dx)n — C]2, where (d,E/dx)n is the nuclear 
stopping power and C is a threshold parameter. By contrast, the collision cascade 
model predicts linear scaling in (dE/dx)n. Also, Kelner & Markey (1984) show clear 
evidence that the peak in the kinetic energy spectrum of desorbed poly (ethylene
glycol) ions (133 u) varies by more than a factor of two as the Ar+ projectile 
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energy varies from 2 to 4 keV, also at odds with the predictions of the collision 
cascade model. It is widely suspected that low energy desorbed molecular ions 
from keV ion-bombarded glycerol are produced by a thermal ‘bulk desorption’ type 
mechanism or a pressure pulse, and that only the high energy sputtered particles 
reflect a collision cascade that occurs early on before the surface is catastrophically 
disrupted. The ideas of bulk desorption and pressure pulses are discussed below.

Studies have been performed by Standing et al. (1982) and Ens (1992) on bom
bardment of solid organic samples by 1 to 16 keV primary alkali ions. For the 
heavier alkali ions, Na+, K+, and Cs+, ion sputtering yields scale as (dE/dx)^, 
which is at variance with the predictions of simple collision cascade theory. For 
the relatively light Li+ projectile, the electronic energy loss also plays a role, since 
(dE/dx)e and (dE/dx)n are comparable. Even so, the sputtering yield in this case 
scales as a linear combination of (dE/dx)^ and (dE/dx)^.. For solid organic targets, 
it also seems that collision cascades do not play a dominant role in the ejection of 
bio-organic molecules.

3 Hit Theory Description of Desorption

The ‘hit theory’ approach to organic molecule desorption is designed for cases in 
which incident MeV atomic ions are responsible for the initial excitation. Such ions 
deposit energy electronically according to the electronic stopping power, (d,E/dx)e. 
About half of the deposited energy appears in a cylindrical ‘infratrack’ of radius of 
the order of 5 Å, and the other half of the deposited energy appears in a cylindrical 
‘ultratrack’, which is of considerably larger radius. The chief means of depositing 
energy in the ultratrack is by energetic secondary electrons (‘delta rays’), which 
emanate from the infratrack and create additional electronic excitation and ioniza
tion events in the surrounding material. The central idea of hit theory is that if a 
molecule near the surface receives at least zm,n hits, i.e. if at least zm,n secondary 
electrons interact with it, then the molecule is desorbed, possibly as an ion. Hit 
theory has been employed to account for the observed (dE/dx)& dependence of 
the ion desorption yield. The general idea of hit theory was introduced by Katz 
(1968). The application of hit theory to desorption, giving the ion track model, was 
introduced by Hedin et al. (1985) and has been recapitulated by Johnson (1987).

A schematic diagram of an organic molecule bound to a surface is shown in fig. 
2. Both inter- and intra-molecular bonds are shown. The molecule is assumed to 
be bathed in a flux of secondary electrons due to the nearby passage of an MeV 
atomic ion through the material. The desorption of the intact molecule under these 
conditions requires the preservation of all internal bonds and the breaking (exci
tation to an anti-bonding state) of some of the external bonds. The charge of the
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Figure 2. Schematic diagram of an organic molecule showing both internal bonds (A) and bonds 
to surrounding molecules in the surface (B). Successful desorption requires breaking all the bonds 
B while leaving all bonds A intact. Ionization will require some additional bonding adjustments.

desorbed species, if not predetermined, depends on some additional adjustments 
in bonding. Hit theory is basically a statistical description of these bonding modi
fications. In deriving the hit theory desorption model, the average number of hits 
experienced by a molecule must be calculated. Let r/F(r) be the average number 
of internal bonds broken in a molecule located a perpendicular distance r from the 
incident ion track. Correspondingly, T]D(r) will be the average number of external 
bonds broken. One may write:

(1)

where s(r) is the energy density deposited by secondary electrons at a distance r 
from the ion track, nM is the molecular number density, and W is a bond breaking 
energy. The nature of e(r) was discussed by Hedin et al. (1985). They pointed out 
that the detailed nature of secondary electron energy loss and the kinetic energy 
distribution of the secondary electrons give rise to a simple approximation for e(r):

e(r) ex
(dE/dx)c 

r2 (2)

Next a key assumption is made: The number of hits experienced by a molecule is 
described by the Poisson distribution. Then, if the average number of hits is 77, the
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Figure 3. Ion sputtering yield divided by electronic stopping power (dE/dx)e vs. (dE/dx)e 
for valine monomers and clusters from MeV-heavy-atomic-ion-excited valine. For experimental 
details, see Hedin et al. (1985). The solid lines represent the results of the ion track model of 
Hedin et al. (1985). In the order from monomer to tetramer, the number of hits required to fit 
the data is 4, 5, 6 and 7 respectively. The dashed lines represent the results of an evaporative 
thermal model by Lucchese (1987). Both of these models are discussed in the text.

probability of a molecule experiencing exactly i hits is:

Pr(0 = Yfe_r? (3)

An expression for the desorption yield of molecular ions can then be written. It 
assumes that only molecules receiving no damage hits are desorbed intact, and 
that desorption requires at least zmin hits of the desorptive type. Two details are 
specified as proportionality constants: the probability that the molecule is desorbed 
as an ion is Fion, and the average depth from which ion desorption occurs is Zavg- 
The desorption yield is then given as an integral over the surface of the sample 
with the ion track located at the center:

(4)

The lower integration limit, rf], takes into account that a direct collision between the 
incident ion and the target molecule causes complete fragmentation; is roughly
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a) b)

Figure 4. Schematic diagrams of thermal desorption mechanisms, a) Activated desorption (i.e. 
evaporation); b) Bulk desorption after an irreversible transition to the gas phase.

equal to the radius of the target molecule. The integral diverges for im;n = 1, but 
in practice, fits to data have yielded zmjn > 1. For large (dE/dx)e, the predicted 
stopping power scaling is Y oc (dE/dx)e. This scaling stems from the dependence 
of e(r) on r and (dE/dx)e, as shown in eq. 2 above. For smaller (dE / dx)&, a steeper 
scaling is predicted, Y <x (dE / dx)™, with n > 1.

Hedin et al. (1985) successfully employed hit theory and the ion track model 
to account for the (dE/dx}e dependencies of ion yields for a number of organic 
substances. Shown in fig. 3 is a plot of the (dE/dx\ dependence of the desorption 
of ions of valine monomers (117 u) and clusters (up to the tetramer). The ion yield 
is divided by (dE/dx)e and plotted against (dE/dx)e. The rising and saturating 
behavior with respect to (dE/dx\ occurs just as predicted by the ion track model. 
If the minimum number of hits causing desorption, zm;n, is employed as a fitting 
parameter, then it turns out that the larger the cluster, the larger zmjn. The 
conclusion is that more massive target molecules require a greater number of hits 
in order to be desorbed.

Despite the success of the ion track model in describing ion yield scaling with 
(dE/dx)&, the general usefulness of the model seems limited. It does not account 
for the asymmetric ion emission patterns observed by Ens et al. (1989) in off- 
normal MeV ion incidence experiments. The model makes reference to ionization 
only through a proportionality constant, so it cannot account for the observation 
by Hedin et al. (1987) that the yield of small neutral biomolecules obeys a cubic 
scaling law, Y oc (dE/dx)^, (for bulk desorption, a possible dependence of Zavg on 
(dE/dx)e could be considered, however). The similarity noted by Ens et al. (1989a) 
and others between secondary ion mass spectra from keV and MeV atomic-ion- 
bombarded organic samples must be regarded as a mystery from the standpoint 
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of the ion track model, considering that very few secondary electrons are emitted 
in keV atomic ion impacts. Finally, the most useful aspect of the ion track model 
is that it may be regarded as a description of the small amount of ionization 
which occurs along with the dominant desorption of neutrals. However, it may be 
anticipated that the neutral desorption process will modulate the ionization and 
neutralization processes, and the ion track model fails to address this issue.

4 Thermal Models of Desorption

Thermal models of desorption, which may be important in a variety of types of 
particle-surface interactions, are easily described qualitatively. After an ion impact, 
energy is deposited locally within a small volume. As a result of either collisions or 
coupling of electronic energy into the nuclear coordinates, target particles receive 
a certain amount of kinetic energy. If nearly every particle in the energized region 
acquires significant kinetic energy, then the energized region is referred to as a 
‘thermal spike’ or ‘elastic spike’ and may be characterized by a temperature T. 
Once created, a thermal spike evolves spatially over time due to heat conduction: 
T — T(r,t). The energized region becomes wider but also cools, finally diluting 
completely.

Two mechanisms by which desorption occurs in response to a thermal spike 
are shown schematically in fig. 4. The first mechanism is activated desorption, 
or evaporation from the heated region on a molecule-by-molecule basis. The sec
ond mechanism is bulk desorption, in which the energized region of the target 
spontaneously vaporizes and is emitted all at once. Below, these two desorption 
mechanisms are described along with their possible areas of applicability.

4.1 Thermally Activated Desorption

The evaporative approach to desorption begins with the heat conduction equation:

V ■ {K(T)VT} = C(T)—. (5)

Here, k(T) is the thermal conductivity and C'(T’) is the specific heat of the target 
material. In principle, both quantities may be a function of temperature, and 
in turn the temperature will be a function of space and time: T = T(r,t). For a 
cylindrical track geometry, appropriate to the case of an MeV atomic ion impacting 
on an organic target and depositing energy electronically, Mozumder (1969) has 
given an often utilized solution to the heat conduction equation:

(6)
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In this solution, r is the perpendicular distance from the axis of the track, t is 
the elapsed time after incidence of an ion, 6 = k/C is the thermal diffusivity, and 
both a: and C are assumed to be independent of temperature. A spatially narrow 
Gaussian distribution in initial temperature is assumed with initial temperature at 
the center of the ion track To and initial w’idth tq. Tq and ro are related as follows:

1 fdE\° " 7^0,2 (d?)/ (7)

In this formula, p is the mass density of the target, Cv is the unit mass heat 
capacity, and (d,E/dx)e is the electronic stopping power. The general nature of the 
solution shown in eq. 6 is that, away from the region of initial excitation, there is 
a temperature ‘pulse’ which then decays as the heat energy flows to infinity.

A general expression for the evaporative desorption yield due to a thermal spike 
is written as a surface integral:

DC PDC
Y = dt 27rrdr<h[T(r, t)]. (8)

Jo Jo

Here, 4> is the thermally activated flux of particles evaporating from the surface, 
which depends on the local temperature. A typical choice for T is the expression 
for the flux of an ideal gas evaporating at constant density across a planar surface 
barrier, calculated from the Maxwell-Boltzmann law:

nMkT / U \ 
^‘livMkT 6XP \ ’ (9)

But sometimes the simpler Arrhenius form is employed: 4» oc exp(t//feT). U is the 
surface binding energy, nM is the number density of molecules, M is the molecular 
mass, and k is the Boltzmann constant. The scaling of Y with (d,E/dx)e is discussed 
generally by Johnson &; Evatt (1980) and Johnson (1987). When a ‘delta function’ 
or narrow initially energized region is assumed (r0 and U/kTQ small), then the 
central result of the cylindrical thermal evaporation model is Y oc (dE/dx)^. On 
the other hand, if the track has a larger initial width, then Y oc (dE/dx)^ only at 
high values of (dE/dx)e-, at lower values, y is a more rapidly varying function of 
(dE/dx)e.

The above solutions pertain to the special case of cylindrical tracks (usually as
sociated with energy deposition by MeV atomic ions) and temperature-independent 
k and C. However, solutions assuming spherical geometry and/or temperature
dependent k and C have also been presented by Vineyard (1976), Johnson & Evatt 
(1980), Sigmund & Claussen (1981), Urbassek & Sigmund (1984), and many oth
ers. As noted for example by Sigmund (1974), the gradients in the energy density 
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deposited by an incident ion can be so large that the concept of local thermodynam
ical equilibrium is not valid. In response to this objection, Johnson et al. (1991) 
have given an elastic spike formalism which does not assume local thermodynami
cal equilibrium. In this case, instead of a local temperature T(r,t), a local energy 
density e(r,t) is employed in the diffusive description. A modified expression for 
the evaporative flux must be employed, but Y ex (dE/dx}^. scaling still results.

Lucchese (1987) has presented an alternative thermal desorption model, based 
on a cylindrical initial excitation, which gives a different high (dE/dx}e scaling 
law: Y oc (dE/dx)\. The main modifications to the above theory are that a rate 
equation approach is employed, and that only molecules from the first monolayer 
are assumed to be capable of being thermally desorbed. If F(r, t) is the fraction of 
first monolayer molecules remaining at distance r and time t, then one may write 
the following activated rate equation which comes from transition state theory:

dF(r,t) 
dt

-JL_\
kT(r, t) J

F(r,t). (10)

Q(j is the frequency characterizing the molecule-surface bonding. Employing one of 
the standard expressions for T(r,t), eq. 10 can be integrated in order to find the 
values of F after the thermal spike has dissipated. The predicted desorption yield 
is given by the following surface integral:

POO

Y — a c17vrdr{\ — F(r, t = oo)} (11)
Jo

where a is the surface number density of molecules. The ion yield is modelled 
by an additional multiplicative factor which is the fraction of desorbed molecules 
leaving in the ionized state. Lucchese (1987) has extended this model in several 
respects, but the key point is as follows. The combination of an assumption of 
only surface monolayer molecules being desorbed and the exponentially activated 
nature of the desorption together mean that: for each ion impact, there will be a 
relatively abrupt boundary between the region in which nearly all surface molecules 
have been desorbed and the region in which almost no surface molecules have been 
desorbed. Thus, a ‘platter’ or ‘raft’ of molecules is desorbed. If one performs a 
dimensional analysis of the heat diffusion equation, eq. 5, and takes cognizance of 
eq. 7, one may see that the platter area turns out to be roughly proportional to 
(dE/dx)e (for large enough (dE/dx)e\ and therefore so does the desorption yield: 
Y oc (dE/dx)?. Unfortunately, no reason is given why it should be anticipated that 
thermal desorption of ions and/or neutrals would take place only from the surface 
monolayer.

One key objection to the thermal spike model with evaporative desorption is 
this: If the excited region is in local thermal equilibrium, then by the time a 
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molecule acquires enough translational thermal energy in order to evaporate, it 
has also acquired more than enough internal energy to dissociate. This problem 
has been discussed by Williams & Sundqvist (1987) and others. Although it is 
not clear if this objection can be successfully overcome, Lee & Lucchese (1989) 
have attempted to show that thermal desorption with ‘cool’ internal modes can 
occur. They have calculated stochastic classical trajectories of a model system in 
response to a temperature pulse such as that described by eq. 6. The model system 
consisted of a linear molecule bound perpendicularly to a surface. The molecule 
consisted of 40 ‘units’ arranged in a linear chain, each unit with mass 15 u, and 
with the bottom unit representing the surface. Binding among the top 39 units 
was strong compared with the binding between the surface (first unit) and the 
adsorbed molecule (via the second unit); the surface bond was also characterized 
by a low vibrational frequency. The surface unit was subjected to a stochastic 
force of magnitude and duration in accordance with the thermal spike model, and 
the internal energy of the top 39 units was monitored as a function of time. The 
internal energy of the adsorbed molecule remained low and was seen to increase 
only slowly on the time scale of complete dissipation of the thermal spike.

Lee & Lucchese (1989) employed a very similar model setup in order to monitor 
the center-of-mass motion of the adsorbed molecule with respect to several atoms 
representing the substrate. During thermal excitation, the substrate was evidently 
perturbed by large fluctuations which succeeded in ‘pushing away’ and eventually 
desorbing the molecule. The authors conclude that if molecules are bound to a 
substrate by relatively weak, low frequency bonds, coupling to the translational 
desorption mode takes place efficiently while coupling to the internal modes takes 
place only inefficiently. They argue that desorption of a molecule by thermal means 
is possible without significant fragmentation, as long as equilibrium between trans
lational and internal modes is never achieved on the timescale of desorption.

Applications of activated desorption thermal spike models are many and varied, 
and it is difficult to give a comprehensive list of appropriate references. However, 
a few highlights can be mentioned. For example, Oilerhead et al. (1980) proposed 
a simple thermal spike model to account for MeV ion-induced desorption from 
solid Xe, and Seiberling et al. (1980) employed the thermal spike model to account 
for MeV-ion-induced desorption of UF4. The latter authors suggested a specific 
mechanism for the initial production of localized heating: a Coulomb explosion, 
occurring over some time during which ions are left mutually exposed in the in
fratrack. The thermal spike model can explain much of the data on sputtering of 
frozen small-molecule gases, as summarized by Johnson (1987, 1990) and Johnson 

Sundqvist (1992).
Considering MeV atomic ion bombardment of organic insulators, Macfarlane 

(1982, 1982a) and Macfarlane & Torgerson (1976, 1976a) were among the first to 
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suggest that a thermal spike mechanism might be involved in the observed desorp
tion phenomena. These authors also correctly pointed out that the applicability of 
the thermal spike mechanism depended strongly on the prospect that the internal 
modes of the desorbed molecules would fail to be in thermal equilibrium with the 
translational modes, so that fragmentation would not be overwhelming.

The observed stopping power dependencies for both ion and neutral small 
molecule desorption yields, as far as these are known, can be compared favourably 
to the predictions of evaporative thermal spike models. Lucchese managed to gen
erate a thermal model which accounted for the (dE/dx}e dependence of positive 
ion yields (and in one case negative ion yields too). The model, discussed above, 
gave a stopping power dependence Y oc (dE/dx)\ for high (dE/dx}e, and the ex
cellent fits which were achieved are shown in fig. 3 for monomers and clusters of 
the amino acid valine. For lower (dE/dx)e, both data and model show a steeper 
than linear stopping power scaling. For the amino acid leucine, Hedin et al. (1987) 
have reported a neutral sputtering yield stopping power scaling Y oc (dE/dx)^. 
Since the generality of this result is not known, it may turn out that the leucine 
neutral yield data are also described by the evaporative thermal spike model. If 
this is true, however, one would predict that for higher but so far untested values 
of (dE/dx)e, Y oc (dE/dx)\ for neutral leucine desorption. Of course, the general 
applicability of the evaporative thermal spike model in explaining MeV atomic ion 
induced desorption of small organic molecules requires that the different measured 
stopping power scaling of ionic and neutral yields over the same (d,E/dx}e range 
be convincingly explained. This seems difficult, unfortunately, since these mod
els do not specifically address the ionization mechanism except through an overall 
proportionality factor.

MeV atomic-ion impact-induced ejection of larger organic molecules, such as 
proteins, is not well described by the evaporative thermal spike model. This fol
lows mainly from measurements of radial velocity and ejection angle distributions 
for ions. Evaporative thermal spike models predict an approximate cos# polar 
angular distribution, whereas Ens et al. (1989), Moshammer et al. (1990) and 
Moshammer (1991) have found many instances in which both positive and neg
ative large desorbed molecular ions are ejected strongly in off-normal directions. 
Off-normal ejection is more easily explained employing a pressure-pulse model, dis
cussed below. Unfortunately, it is not known experimentally whether the neutral 
molecular sputtering yields display similar angular ejection patterns to those of the 
ion sputtering yields, though the molecular dynamics simulations of Fenyô et al. 
(1990) based on the pressure-pulse idea seem to suggest that this would be so.

Evaporative thermal spike ideas have been successfully employed to rationalize 
features of keV to MeV heavy cluster ion bombardment of carbon and organic insu
lators. Matthew et al. (1986) have employed a thermal spike model in an attempt
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Figure 5. Pressure-volume curve for a material exhibiting a liquid-to-gas phase transition. Seg
ment A-C represents a metastable liquid; segment D-B represents a supersaturated gas; and seg
ment C-D represents an absolutely unstable state of the liquid, characterized by an irreversible 
transition to the vapor phase.

to understand the formation of craters in thin carbon films under impact of cluster 
ions of the form (H20)nH+, where n ranges from 25 to 150. Typical impact kinetic 
energies were 100 to 300 keV. Briefly, an impacting cluster was assumed to deform 
into a flat ‘disc’ upon impact, and, assuming a constant cluster stopping power 
(dE/dx}c, the initial temperature profile of an approximately cylindrical thermal 
spike was calculated. The heat diffusion equation was employed to calculate the 
spatial and temporal dilution of heat energy, and the evaporative model described 
above was used to calculate the number of evaporated carbon atoms. The volume 
of excavated material was compared to the observed crater volume. One important 
uncertainty in this model is the value of the stopping power suitable for describing 
the interaction of an impacting cluster with the target. However, the values of 
(dE/dx)c required to explain the observed crater size were within a factor of two 
of a simple estimate of cluster stopping power based on a simple atomic picture. 
Some subtleties that enter into the determination of the stopping power of a cluster 
are discussed by Sigmund (1989).

Ledbetter et al. (1987) bombarded a sample composed of tobacco mosaic virus 
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(TMV) with cluster ions of the form (H20)nH+. Typical impact kinetic energies 
were 100 to 300 keV. By employing transmission electron microscopy, the orderly 
excision and complete disappearance of ‘slices’ of TMV with no accompanying left
over debris whatsoever was observed. The edges of the excised slices appeared to 
be flat and were perpendicular to the axis of the cylindrical TMV. The authors 
pointed out that the structure of TMV consists of a number of slice-like ‘gyres’ 
which are relatively more weakly bound to each other than they are internally 
bonded. The material that had taken up the volume of a typical crater had been 
composed of up to six gyres, whereas the size of the impacting cluster is only a 
fraction of the size of one gyre. The central idea that emerges is as follows: Clus
ter impact produces a local high temperature thermal spike of restricted spatial 
extent; the thermal energy diffuses much more efficiently within a gyre than across 
the boundary between gyres. Consequently, evaporation proceeds efficiently, even 
across several gyres, until the thermal energy diffusing up to one gyre-gyre bound
ary is suddenly reduced below a certain threshold. Thereafter, very little energy 
is transmitted, and the evaporation abruptly ceases with the result that the final 
crater shape is determined by the shape of the gyre-gyre boundary. The evapo
rative thermal spike model may thus serve as an effective rationalization for the 
formation of craters in cluster-ion bombarded TMV.

4.2 Thermally Induced Bulk Desorption

The term ‘bulk desorption’ refers generally to events in which locally deposited en
ergy causes an abrupt transition of a volume of solid or liquid to the gas phase, after 
which the gassified material escapes from the surface. This desorption mechanism 
is sometimes referred to as ‘gas-flow’ or ‘phase-explosion’ desorption. A number of 
approaches have been taken to modelling bulk desorption processes. Sunner et al. 
(1988) have employed a simple thermodynamic picture; Urbassek & Waldeer (1991) 
and Shiea & Sunner (1991) have employed molecular dynamics simulations; and 
several authors have performed analytical treatments of adiabatic expansion, for 
example: David et al. (1986), Urbassek &; Michl (1987), and Kelly (1990). These 
treatments are reviewed here, although applications of these theories to desorption 
from organic targets are sparse.

The simple thermodynamical picture of bulk desorption begins with a pressure
volume (PV) diagram for a material which exhibits a liquid-gas phase transition. 
A schematic PV diagram is shown in fig. 5. For temperatures below the critical 
temperature, Tc, as the pressure is decreased by increasing the volume, there is a 
range of volumes for which the pressure remains constant (denoted by the dashed 
line in fig. 5). At this stage, due to heterogeneous nucleation (i.e. the presence of 
some dust or other impurities in the liquid), the liquid evaporates (boils) as the

24
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Figure 6. Pressure-volume-temperature surface showing all thermodynamic states available to a 
simple one-component system. The surface includes the metastable thermodynamic states. The 
spinodal line encloses the states which are unstable and lead to spontaneous vaporization. The 
phase explosion model states that an ion impact drives the system from the left-most point of D 
to the spinodal, leading to vaporization and bulk desorption. Reprinted from Sunner et al. (1988) 
by permission.

volume increases, keeping the pressure constant. When all the liquid has evapo
rated, the pressure again decreases as the volume increases. A reverse behavior 
occurs upon compression of the gas.

In the absence of heterogeneous nucleation, a different behavior occurs. Over
expansion past the volume at which the liquid normally would have begun to 
evaporate fails to induce evaporation, giving a metastable liquid. Overcompression 
past the point at which the gas normally would have begun to condense fails to 
induce condensation, giving a metastable or supersaturated gas. As shown in fig. 
5, there is a bit of ‘forbidden’ PV curve which joins the metastable liquid and 
supersaturated gas states. This connecting piece, shown in fig. 5 as segment C-D, 
is characterized by the following relation:

T
(12)
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Figure 7. DOS and Tstat plotted against internal energy for ten H2O molecules. A region of 
log(DOS) characterized by positive curvature is unstable by entropy considerations and undergoes 
a spinodal transition to vapor and clusters. Reprinted from Sunner (1990) by permission.

According to this relation, the liquid is absolutely mechanically unstable, and a 
spontaneous phase transition occurs to the ‘spinodal’ form consisting of a com
bination of vapor and clusters. This scenario is discussed by Zeldovich & Todes 
(1940).

Sunner et al. (1988) show a typical pressure-volume-temperature (PVT) surface 
characterizing a single component system. An example of such a PVT surface is 
shown schematically in fig. 6. They consider the case of liquid glycerol, a com
monly employed matrix for FAB (keV atom impact). Under vacuum conditions, 
glycerol is a metastable liquid which only very slowly evaporates. It is argued that 
an incident atomic particle deposits energy, driving up the local temperature. If 
the heated material reaches the spinodal line at which the liquid becomes unstable 
against vaporization, the resulting gas is ejected into vacuum, entraining any ana
lyte molecules that have been dissolved in the glycerol and delivering these to the 
gas phase as well. Pre-formed ions in the solution, ions charged statistically during 
desorption, and neutral analyte molecules charged during gas phase interactions 
with matrix ions in the selvedge, are all available for detection in FAB secondary 
ion mass spectroscopy. The sudden decompression of the gas during ejection gives 
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rise to a strong cooling effect, and a low degree of internal energy and low fragmen
tation are expected in the desorbed molecules. Sunner et al. (1988) suggest that the 
duration of high temperature conditions is at most of the order of 10~9 sec. The 
overall scenario thus parallels that which is thought to occur during matrix-assisted 
laser desorption.

Two criticisms may be levelled at the above treatment. First, the use of PVT 
diagrams is only valid for systems in thermal equilibrium, whereas the desorption 
system may be far from equilibrium. Second, the desorption system may be too 
small for the principles of bulk thermodynamics to be valid. In response to these 
criticisms, Sunner (1990) has provided an alternative treatment based on statistical 
thermodynamics. In this case, the density of states (DOS) for a microscopic ensem
ble of ten water molecules is back-calculated from entropy and enthalpy values for 
bulk water. The curve DOS vs. E (total energy) is plotted semi-logarithmically in 
fig. 7. At the left and right of the plot are the water liquid and gas phases respec
tively, and for each phase, the statistical temperature (inverse slope of a log(DOS) 
vs. E plot) increases with increasing total energy. However, there is a range of 
energies for which the log(DOS) vs. E curve would clearly have a positive curva
ture, displaying a decreasing temperature as the total energy increases. This is the 
mechanically unstable region discussed above in connection with a PVT diagram, 
but now the instability can be understood through an entropy argument. Since 
log(DOS) is the entropy, then at a point at which the log(DOS) vs. E curve has a 
positive curvature, the entropy always increases if the system breaks up into part 
gas phase and part liquid phase. Therefore, the break-up is spontaneous, and for a 
certain total energy density, liquid water vaporizes and ejects clusters in a spinodal 
transition. Sunner (1990) also points out that, during the phase explosion, energy 
may flow7 from internal vibrational states of water (which molecules are individually 
stable independently of the stability of the phase in which the molecules reside) 
to the translational modes, resulting in ‘cooler’ molecules and clusters, and faster 
(but more directed) ejection.

Molecular dynamics simulations have also been employed to gain insight into 
bulk desorption processes. Such methods have the advantage that, in principle, 
only microscopic interaction details need be specified, and the conditions of equi
librium or lack thereof can be demonstrated by sampling the internal kinetic energy 
distribution as a function of time. Unfortunately, classical dynamics simulations 
tend to be limited to the cases of solids composed of atoms and small molecules.

Urbassek & Waldeer (1991) and Waldeer & Urbassek (1993) have performed 
classical dynamics simulations on a condensed argon solid collisionally energized 
by a 1 keV argon atom. Results of their study are shown in figs. 8 and 9. The 
state of the system is monitored by noting in what form material escapes, and by 
sampling the kinetic energy spectra of atoms in the solid as a function of time.
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Figure 8. Crater formation in an argon solid after incidence of a 1 keV argon ion. Top frame:
3.2 psec after impact. Middle frame: 13.8 psec. Bottom frame: 24.7 psec. Extensive clustering is 
apparent. Reprinted from Urbassek & Waldeer (1991) by permission.

At very early times after the ion impact, the internal kinetic energy distribution 
is mainly the same low temperature Maxwell-Boltzmann distribution which char
acterized the solid just before the ion impact, but with an added collision cascade 
‘tail’ at high energies displaying the usual E~2 scaling. For slightly later times, but 
still before many atoms have left the target, the kinetic energy spectrum indicates 
that the system is far from equilibrium. This spectrum cannot be fit even by a 
summation of two Maxwell-Boltzmann models. At comparatively late times, after 
hundreds of atoms have been sputtered, the internal kinetic energy distribution 
is again a relatively low temperature Maxwell-Boltzmann distribution. The max-
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Figure 9. Kinetic energy spectrum of argon atoms in the solid shown in fig. 8. Solid line: 0.14 
psec after impact. Dashed line: 3.2 psec. Dotted line: 24.7 psec. Note marked lack of equilibrium 
at 3.2 psec. Reprinted from Urbassek and Waldeer (1991) by permission.

imum temperature during the whole desorption process is never even as high as 
the critical temperature of liquid argon, and the condition of high kinetic energy 
density lasts only about 10 psec. The extensive clustering observed in the sputtered 
plume is indicative of rather low internal energies of sputtered particles. Although 
a thermodynamical picture does not hold in detail throughout the desorption event, 
the classical dynamics and thermodynamics pictures yield the same conclusions: a 
large portion of the target is vaporized and ejected as a gas, with marked clustering 
accompanying the gas expansion. Although the simulation is aimed at assessing 
the role of bulk desorption in the case of particle-excited rare gas solids, there is 
no reason in principle why the same concepts should not be applicable to a variety 
of organic targets as well.

Shiea & Sunner (1991) have also performed classical dynamics simulations of 
bulk desorption. They considered a very low energy projectile incident on an two- 
dimensional atomic lattice and made plots of kinetic energy density as a function 
of time and space. They plotted an internal energy (‘temperature’) history for a 
region of the solid near the incident ion impact point. Just after projectile impact, 
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there is a temperature pulse lasting less than 1 psec, and this is attributed to 
the passage of a shock wave through the lattice. Next a slower temperature pulse 
lasting 2 or 3 psec is observed and this evidently causes a weak spinodal transition 
of the sort which was predicted by thermodynamic theory and discussed above: 
a transformation of the lattice to an assortment of isolated atoms and ‘filaments’ 
of atoms, or clusters. If molecules are included in the lattice, some of these are 
ejected intact.

A number of authors have attempted analytical descriptions of the dynamics 
of bulk desorption, although again these treatments are aimed at clarifying sput
tering mainly of atomic solids. Urbassek & Michl (1987) have modelled the bulk 
desorption process in terms of collision-free molecular flow in three dimensions, a 
procedure they claim is a good approximation to the correct description in terms of 
unsteady adiabatic expansion. Noting that the collision-free molecular flow formal
ism cannot possibly model the dissipation of energy by thermal conduction, they 
add a nonconservative force field to simulate this heat dissipation. Finally, the 
possibility of recondensation is included by halting the gas flow out of the crater 
when the temperature falls below a certain critical value, taken arbitrarily to be 
the sample boiling point. The derivations of and resulting expressions for the sput
tering yield and the axial kinetic energy spectrum are given but they are detailed 
and are not repeated here. The model axial kinetic energy spectra, when fitted 
with parameters suitable for describing the spatial extent of collisional excitation 
by a keV atomic ion incident on a solid rare gas target, were able to account for 
the low kinetic energy sputtered atom yield, which is typically much higher than 
can be accounted for by the simple collision cascade model. As noted above, these 
same concepts may well also be applicable to organic targets.

Balaji et al. (1990) have given a simplified derivation of the total desorption 
yield calculated by Urbassek & Michl (1987). They employ the evaporative thermal 
spike yield equation, eq. 8, with an expression for the flux appropriate to the 
situation of an ideal gas passing across a plane with no binding potential: 4>(T) ex 
T1/2. They then assume that the temperature drops in time according to eq. 6 but 
with the exponential part held at exactly one, i.e. they consider only regions of the 
sample very close to the ion impact track and assume a constant initial track radius 
as did Sigmund & Claussen (1981). The time integral in eq. 8 is then effectively 
simplified and parametrized in terms of temperature, and upon including a critical 
condensation temperature, an expression for the sputtering yield is obtained which 
is the same as that obtained by Urbassek & Michl (1987).

Kelly (1990) has adapted the analytical solution for one-dimensional unsteady 
adiabatic expansion to the case of keV atomic ions incident on various frozen gases. 
The modelled situation is that of a ‘plug’ of hot material. The size and temperature 
of the plug are determined by the parameters of the material and the impacting 
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ion. If the temperature of the plug exceeds the critical temperature, the material 
turns into a hot dense gas which escapes. The situation in which a gas is suddenly 
released from a hole or cavity is described by equations governing adiabatic expan
sion in the continuum limit, which have been specified and solved. The essence 
of the solution is that, at some point in time, the density of the escaping gas has 
decreased to the point at which collision-free molecular flow occurs. At this point, 
the dominant fraction of the gas has a number of well-defined properties. In partic
ular, the temperature of the gas is uniform, and its flow speed is linear in distance 
from the bottom of the evacuated plug but achieves a well-defined maximum value. 
The axial kinetic energy spectrum consists of the Maxwellian form, superimposed 
on a flow, and integrated over the entire range of flow velocities in the plume. 
The analytic result for the energy spectrum is complex but is similar in form to 
a single Maxwellian velocity distribution superimposed on a single flow velocity. 
Sputtering yields predicted in this gas flow model greatly exceed the yields pre
dicted from collisional sputtering. It is suggested that, though the present model 
is one-dimensional in nature, in a three-dimensional measurement additional in
formation is available from measurements of the angular distributions of sputtered 
particles, and the higher the gas flow velocity, the narrower the angular distribu
tions are likely to be. Although these ideas have been applied mainly to the case of 
ion-bombarded frozen gases, it is likely that application to certain organic targets 
could also be fruitful and should be considered.

For applications, the case of keV atomic particles incident on glycerol is first 
considered. Glycerol is a commonly employed matrix material for FAB secondary 
ion mass spectroscopy measurements. The sputtering yield of glycerol under keV 
atomic ion bombardment is thought to be high, although admittedly the technical 
problem of accounting for evaporation during the measurement is a taxing one. 
Barofsky & Barofsky (1986) and Barofsky et al. (1991) have measured sputtering 
yields in the range 1000 to 4000 for a variety of ions incident on liquid glycerol, 
for example 10 to 30 keV Bi+, In+, and Ga+. Wong et al. (1985) have measured 
comparable sputtering yields for 6 to 10 keV Xe atoms incident on glycerol. A 
bulk-desorption or gas-flow model provides an attractive rationalization for such 
high sputtering yields.

Just as the use of a matrix material revolutionized the technique of laser des
orption for biomolecular mass analysis (Karas & Hillenkamp, 1988), so did the use 
of matrix materials like licjuid glycerol revolutionize the technique of FAB mass 
analysis (Barber et al. 1981, de Pauw, 1986). Compared to solid matrices, the 
use of liquid matrices can yield mass spectra characterized by greater intensity 
and a lower degree of fragmentation. Part of this improvement is due to renewal 
effects absent for solid targets: in the liquid, ion-induced damage at the surface is 
in effect ‘rinsed away’ into the bulk of the liquid. However, another part of the 
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improvement may be caused by the gentle ejection of analyte molecules entrained 
in a plume of desorbing matrix molecules. Significant cooling occurs, as discussed 
above, and this results in lower fragmentation rates. This cooling has been observed 
by Hoogerbrugge et al. (1988), who performed photo-ionization measurements on 
sputtered glycerol molecules. By monitoring fragmentation patterns and compar
ing to similar patterns measured for heated glycerol gas, they concluded that the 
desorbed glycerol molecules have considerably lower internal energy then they had 
in the liquid phase prior to sputtering. Such cooling effects are consistent with the 
operation of a bulk desorption mechanism in the case of liquid matrices excited by 
incident ions.

Sunner et al. (1988, 1988a) and Shiea & Sunner (1990) have also employed 
bulk desorption ideas to explain a number of observations that they have made in 
connection with FAB. For example, Sunner et al. (1988a) acquired FAB spectra of 
a variety of matrix substances, listed in order of mass: water, methanol, ethanol, 2- 
propanol, n-butanol, n-octanol, and glycerol. While extensive clustering is observed 
in the case of water (and also nitrogen) matrices, the clustering propensity sharply 
decreases in the order listed. The authors explain this trend in terms of an enthalpy 
argument. In the case of water, the enthalpy content at the spinodal state is less 
than what is required to guarantee the creation of an homogeneous vapor phase. 
Consequently, extensive clustering is observed in the FAB spectra. For 2-proponal, 
by contrast, it turns out that the enthalpy content of the spinodal state is sufficient 
to guarantee complete vaporization. In this case, a smaller degree of clustering was 
observed in the FAB spectra. The applicability of thermodynamic concepts to the 
FAB desorption process is taken to be in favor of the validity of phase-explosion 
and bulk desorption ideas.

Shiea &: Sunner (1990) monitored FAB spectra as they varied the viscosity of 
the matrix material by means of changes in temperature and modifications to the 
matrix solution. They noted that, for a sufficiently great increase in the viscos
ity, the FAB spectra deteriorated, displaying a large degree of fragmentation and 
chemical noise. The authors offered the following rationalization for this effect. 
They assumed that the material in the core region of the collision-cascade induced 
spike is gassified and is characterized by high internal energy and a high degree 
of fragmentation. In the case that the surrounding material is characterized by 
a high viscosity, they supposed that the hot gas is promptly ejected, resulting in 
poor FAB spectra. In the case that the surrounding material is characterized by 
a low viscosity, however, they supposed that the surrounding material ‘yields’ to 
the increased pressure, delaying the ejection of the hot ‘spike’ material. Conse
quently, more of the surrounding material is heated up to the spinodal state and 
participates in the phase explosion. The result is that a large number of intact, 
low internal energy molecules are ejected. Under these conditions, excellent FAB
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Figure 10. Kinetic energy and ejection polar angle distributions of the M — 30 u fragment of 
valine. Excitation is by 252Cf fission fragments. The solid line is a fit to a Maxwellian velocity 
distribution with a gas flow velocity superimposed along the surface normal. Reprinted from 
Moshammer (1991) by permission.

spectra characterized by low noise and strong molecular peaks are obtained.
Much of the discussion of bulk desorption of organic materials revolves around 

liquid targets. Is a liquid matrix necessary for the occurrence of bulk desorption 
phenomena for FAB and keV atomic ion irradiation? The answer is not totally 
clear, but it is possible that bulk desorption could occur in solids. Several items of 
theory discussed above were based on model solids, after all, and one may suspect 
that these theories are also applicable at least to solids composed of small organic 
molecules. Also, there are cases for which SIMS on analytes in the solid phase and
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RADIAL VELOCITY (irfm/sec)

Figure 11. Radial velocity distributions for the M = 15 u fragment of insulin, for 0° and 45° 
angles of incidence. Excitation is by 72.3 MeV 127I ions. The resulting distributions are the same. 
Adapted from Fenyö et al. (1990a).

in a matrix liquid yielded similar spectra and ion count-rates to within a factor of 
10 (see Junack et al., 1986). Finally, solid targets can be a source of rather massive 
ions, with M > 10000 u, suggesting that these ions are ejected gently and with 
sufficient vibrational cooling to avoid fragmentation.

Although the bulk desorption models provide a qualitative explanation of vari
ous features of sputtering by FAB, there is some room for debate whether the model 
is truly applicable. As discussed in the introduction, it may be suggested that a 
large fraction of the ejected intact molecules and major fragments are likely to be 
ejected from outside the region of the target directly excited by the incident ion. 
An alternative theory of liquid matrix FAB has been offered by Wong & Röllgen 
(1986), and this theory is discussed below, under the heading ‘pressure-pulse sput
tering’.

In the area of MeV atomic ion impacts on organic targets, Moshammer (1991) 
has measured energy- and angle-resolved ejection distributions of fragments of va
line ejected by 252Cf fission fragments. The results are displayed in fig. 10. The 
observed distributions are well accounted for by a Maxwellian superimposed on a 
supersonic flow characterized by Mach number 1.2, consistent with a simple gas
flow ‘ansatz’. The MeV ions, however, create a cylindrical track, and if the gas-flow 
model is applicable, then there should be evidence of fragments being ejected back
wards along the ion track direction in a ‘jet-effect’. However, Fenyö et al. (1990a) 
have noted that this jet effect is conspicuously absent, at least for the CHj- frag
ment measured, as shown in fig. 11. As the angle of incidence of the impacting ions
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Figure 12. Schematic diagram of shock wave fronts produced as a glycerol cluster impacts a 
glycerol matrix. For simplicity, a one-dimensional viewpoint is taken, vo is the speed of the 
initial cluster; the other symbols are defined in the text.

was switched between 0° and 45°, no change in the radial velocity distributions 
was observed. In fact, no jet-effect has ever been observed for pre-existing organic 
species desorbed from a surface, and consequently it is doubtful that the gas flow 
model plays a strong role in MeV ion-induced desorption of organic molecules.

5 Shock-Wave Models of Desorption

The incidence of energetic particles onto surfaces can lead to extremely high de
posited energy densities. One possible consequence of high energy density and high 
energy density gradient conditions is that a ‘shock wave’ may be created which 
propagates outward from the region of excitation into the surrounding material. 
Desorption may be caused in several ways. For example, if a shock wave reflects off 
the surface (vacuum interface) from below, material may be ‘mechanically ablated’ 
or ‘spallated’ by being in effect left behind during the unloading wave. Also, it is 
possible that shock wave energy may be focused into defects or narrow protrusions 
sticking off the surface, also leading to direct desorption of a piece of the solid. 
Finally, after a shock wave passes through a region of a material, this region is left 
in a heated state, and the excess thermal energy may cause desorption through 
evaporation or bulk desorption or through response to the energy density gradient 
(see pressure-pulse discussion below). There is a large body of literature concern
ing shock wave and hydrodynamic theory (Zel’dovich & Raizer, 1967; Landau 
Lifshitz, 1959).

The complex details of the theory are outside the scope of this paper, and thus 
a qualitative definition of a shock wave is given here. Loosely speaking, a shock
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Figure 13. Equation of state for a shocked material. Point A represents the rest or normal 
state. Points on the Hugoniot, curve R-H, represent final states of the material that can be 
reached by shock excitation. If the system is excited to point B and subsequently undergoes an 
adiabatic release or unloading process, then a residual specific heat (heat energy per unit mass) 
is left whose magnitude is represented by the shaded area shown in the figure. Drawn by Jörgen 
Ahlbom, Uppsala University.

wave is a relatively narrow propagating mechanical disturbance across which there 
are distinct changes in thermodynamical parameters like pressure, temperature, 
and material density. Terms like ‘relatively narrow’ and ‘considerable’ are hard to 
pin down precisely, but narrow means that the width is no more than a few lattice 
spacings of the material. The shock wave itself propagates with a speed exceeding 
that of sound in the medium. Supersonic propagation of a mechanical disturbance 
is a sufficient condition for deducing that the disturbance has a shock-like character.

One shock wave model of desorption is based on the idea that a passing shock 
wave leaves the material in a heated state. Mahoney et al. (1992) have observed 
desorption of analyte molecular ions from a glycerol matrix under massive glyc
erol cluster impacts at three times the speed of sound. The impacting cluster 
is regarded as a piston which compresses a plug of target material. Shock wave 
fronts propagate both into the target and back into the incident cluster. These 
authors have carried out a simple hydrodynamic analysis, utilizing known thermo
dynamic data on glycerol, to justify that shock wave heating can account for the 
observed desorption. Their treatment begins with the Rankine-Hugoniot equations 
applied to the one-dimensional picture of the collision event shown in fig. 12. The 
Rankine-Hugoniot equations result from applying the principles of conservation of
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Figure 14. Schematic diagram of a spherical shock wave initiated by a critical energy deposition 
within a sphere of radius Rc. Based on an ejection criterion discussed in the text, a cone-shaped 
plug of material, shown in the figure as the shaded volume, is ejected. Adapted from Kitazoe et 
al. (1981).

momentum, mass, and energy across a shock wave front:

P - Po = povvs

V vs — v 
Vo vs

E-Eo = |(P + P0)(V0-V). (13)

In the region behind the shock wave, the pressure is denoted by P, the volume per 
unit mass is denoted by V, and the energy per unit mass is denoted by E. Corre
sponding quantities in the unshocked region of the sample are denoted respectively 
by Po, Vo; and Eo- The mass density in the unshocked region is p() — To_1. vs 
is the shock wave speed, and v is the speed of glycerol molecules in the shocked 
region. (Here and in fig. 12, E and V represent specific energy and specific volume 
respectively, rather than energy and volume as employed elsewhere in this paper.) 

An equation of state for shocked material is shown schematically in fig. 13. In 
the case of glycerol, the shock wave and molecular speeds are known as a function of 
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density under shock conditions, and by employing the first two Rankine-Hugoniot 
equations, an equation of state curve called the Hugoniot may be constructed. 
Consider initial state A and final state B on the Hugoniot. The area under the 
straight line segment AB is the shock-induced change in the energy per unit mass. 
This follows from the form of the third Rankine-Hugoniot equation. The system 
at state B then undergoes a ‘release adiabat’ during which compressional potential 
energy is released. The shaded area shown in fig. 13 represents the leftover specific 
thermal energy after passage of the shock wave and relaxation of the material. 
Using the Hugoniot itself as an approximation to the release adiabat, it turns out 
that for glycerol, the leftover residual specific heat is of the order of magnitude 
required to vaporize the region of the target excited by cluster impact. Both 
evaporative thermal spike and bulk desorption mechanisms could be active.

Kitazoe et al. (1981) have performed an analytic hydrodynamical analysis of 
non-linear sputtering yields for the case of heavy atomic ion bombardment of high- 
Z materials, again regarding energy dissipated by the shock wave as a cause of 
sputtering. The geometry treated is shown in fig. 14. The incoming ion is assumed 
to scatter at some depth Rc, whereupon the scattered atom(s) set up a dense 
collision cascade or elastic spike. The resulting ‘fire ball’ has radius Rc. Within 
this radius, the average energy per volume is approximately

2Rc(dE/‘dx) 3(dE/dx)
S ~ |ttR3 = 27tR2 ' I 4)

Here, dE/dx is the appropriate stopping power. If e > ec, a critical value of energy 
density, then a shock wave is assumed to be created. An expression for the energy 
per particle, E, behind the shock wave front is given by Landau & Lifshitz (1959) 
for spherical symmetry. Taking into account energy deposited both as heat and 
plastic deformation,

(15)

Here, R is the distance from the center of the fire ball, M is the target particle 
mass, 7?a is the number density of atoms, and c is the speed of sound. Because of 
the highly compressed nature of the fire ball, E(R) is characterized by a strongly 
radial macroscopic velocity component, so that the following criterion is employed 
for ejection:

E(ES) cos2 Ö = U. (16)
Rs is the radial distance from the center of the fire ball to the outermost point on 
the surface at which ejection can take place, U is the surface binding energy, and
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6 is the angle defined in fig. 14. The final ejected volume is assumed to be the 
conical-shaped volume shown in fig. 14, so that, from geometrical considerations 
along with eq. 14, the sputtering yield scales as

yKß’oc(f)3/2- <17>

The absolute magnitude of the sputtering yield of course depends on 6 through eqs. 
16 and 15. If the predicted sputtering yield is comparable to or less than the yield 
predicted by the collision cascade sputtering model, then the shock wave heating 
model is considered not to be relevant (i.e. the shock is too weak or nonexistent). 
However, the authors identify a number of cases involving atomic ion bombardment 
of metal targets for which the model appears to have some validity. Carter (1983) 
has debated against the relevancy of shock phenomena in describing sputtering 
from dense elastic collisional spikes, although he admitted the possibility of ‘some 
unspecified collective hydrodynamic motion’ occurring early in the spike formation 
process.

A generally similar viewpoint to the above is taken by Gol’danskii et al. (1975) 
and Demirev (1988) in describing the interaction of MeV heavy atomic ions with 
water or organic targets. Solutions are given to equations governing a cylindrically 
expanding shock wave, appropriate to the geometry of MeV ion interactions with 
solids. The solutions include expressions for the position of and pressure behind 
the shock wave front as a function of time. Demirev (1988) noted that for times 
up to about 50 psec after excitation, and for a radius of 600 Å around the initial 
track, the resulting pressures correspond to a volume energy density sufficient to 
desorb typical protein molecules bound by hydrogen or van der Waals bonds.

Bitensky Parilis (1987) have generated a theory in order to describe desorp
tion of clusters and organic molecules under the influence of spherical and cylindri
cal shock waves. These authors assume that sputtering occurs by spallation, and 
they employ a pressure criterion to define the point at which sputtering occurs. 
Referring again to fig. 14, a conical chunk of material is assumed to be desorbed if

P(ÆS) cos 6 — PCT (18)

where P(PS) is the residual overpressure at radius Rs and PCT is some critical 
pressure. If the molecules have radius rm, then for the molecules to be ejected 
separately but intact, the following additional conditions must be met:

^-> |VP(r)| > ^. (19)

In this inequality, the ‘pressure’ in the molecular volume is related implicitly to the 
internal energy by hydrodynamical equations, and P,\ is related to some internal
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Figure 15. Schematic diagram of an acoustic-like weak shock wave reflecting from the free surface 
of a solid. A virtual leftward-propagating unloading wave is required in order to preserve the 
boundary condition that the pressure at the surface be zero at all times. As the compression 
wave interacts with the free surface, the virtual unloading wave becomes real and causes the solid 
to experience a transient tensile stress as it propagates into the bulk. The solid may crack or 
blister and pieces may be ejected. Adapted from Zel’dovich & Raizer (1967).

pressure sufficiently high to cause dissociation of the molecules. As in the treatment 
of Kitazoe et al. (1981), owing to geometry, the sputtering yield turns out to scale 
as Y ex (dE/dx)3^2 for sufficiently high (dE/dx).

In the model of Bitensky & Parilis (1987), dissipation is ignored by assuming 
simple scaling laws for the pressure. (This is analogous to ignoring the logarithmic 
term in the denominator of eq. 15 so that E(R) obeys a simple geometrical scaling 
law.) The overpressure then is regarded as causing spallation of a finite-sized chunk 
of matter from the surface. The concept is illustrated schematically in fig. 15. A 
weak, acoustic-like shock wave characterized by a pulse-like spatial pressure profile 
moves towards the free surface. The boundary condition at the surface is that 
the pressure there is negligible for all time, so the solution to the wave equation 
involves a counter-propagating negative pressure pulse which is positioned such 
that this boundary condition is satisfied. Therefore, after the shock wave reaches 
the surface, an unloading wave characterized by negative pressure propagates down 
into the solid. Negative pressure is interpreted as a tensile stress, and if this stress 
is sufficiently large, the material may fracture and the loose pieces of material may 

25
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be ejected. These concepts are discussed by Zel’dovich & Raizer (1967).
The detailed scaling law derived by Bitensky and Parilis (1987) was successfully 

employed to fit the MeV-ion-induced molecular ion desorption results of Hedin et 
al. (1985), but this scaling law is not consistent with the scaling observed for neu
tral desorbed molecules by Hedin et al. (1987), Y oc {dE/dx)^. Therefore, ways 
of improving the performance of the model have been discussed by Bitensky et al. 
(1989, 1990, 1991) and Parilis et al. (1993). In particular, an alternative assump
tion about how shock waves arise is considered. If the shock wave is assumed to 
originate when the energy flux through the boundary defining the originally ex
cited region exceeds a critical value, then R$ oc dE/dx and the sputtering yield 
will have a cubic dependence on dE/dx. However, note that an energy flux is 
directly related to an energy gradient. Thus, the improved version of the shock 
wave model resembles quite closely the pressure pulse model discussed in the next 
section. In fact, the Bitensky et al. (1991) expressions for the normal and radial 
components of ‘pressure’ and those given by Fenyö & Johnson (1992) for the mo
mentum acquired by a molecule under the action of an energy density gradient are 
essentially the same. For MeV atomic ions incident on organic targets, calculated 
spatial distributions of sputtered molecules (Bitensky et al., 1991) are in excellent 
qualitative agreement with measured spatial distributions of desorbed molecular 
ions (Moshammer et al., 1990).

Molecular dynamics simulations may profitably be exploited to examine or 
model shock wave phenomena on a microscopic scale. For example, Holian et 
al. (1980) have modeled piston-driven shock waves in Lennard-Jones fluids like liq
uid argon. Robertson et al. (1991) have simulated a steady split shock wave in a 
solid which undergoes a phase transition. And Wagner et al. (1992) have simulated 
spallation at high strain rates under shock wave excitation. In all cases tested so 
far, good agreement is obtained between the simulation results and results from 
macroscopic continuum mechanics theory. This is remarkable considering that the 
simulations are based on a microscopic description of the interactions between the 
particles making up the system.

The use of molecular dynamics simulations for understanding shock effects after 
excitation of a target by an incident ion does not yet seem to be highly developed. 
Therefore, only three examples are briefly discussed here. Again the simulation by 
Shiea and Sunner (1991) is mentioned. They considered an atomic particle incident 
on a Lennard-Jones matrix. A temperature spike occurring around 0.5 psec after 
particle excitation was attributed to the passage of a shockwave. It seems that 
a second temperature spike occurring at 1.5 psec could be attributed to thermal 
energy remaining after unloading at the surface begins to proceed (in a manner 
similar to that shown in figs. 13 and 15 but probably differing in some details), but 
this interpretation is by no means clear. Another example is provided by Fenyö &
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Figure 16. Left: an incident ion creates a localized region of kinetic energy excitation. Right: the 
motional energy diffuses collisionally. As energy reaches the surface, desorption may occur either 
by evaporation or in response to the correlated volume force, Ve(r, t).

Johnson (1992), who model a Lennard-Jones solid excited by depositing potential 
energy in a cylindrical core or ‘track’. A disturbance propagating to the boundary 
in less than 2 psec is regarded as being the remnant of a shock wave which was 
diluted after travelling a distance of only 20 Å. Excess energy is left in the central 
excited region of the track, and this energy diffuses collisionally, causing pressure 
pulse desorption after about 5 psec as described below. It is possible that some 
fraction of the energy initially confined to the track region was due to shock heating. 
However, in this case it seems hard to rigorously define a shock wave given a space 
of only 20 Å. Finally, one may refer again to the results of Waldeer & Urbassek 
(1993), who modeled the sputtering caused by the incidence of an argon ion on an 
argon lattice. The authors clearly observed shock waves in their simulations but 
claimed that they did not contribute to the sputtering process.

In the absence of work designed to investigate deliberately and carefully the role 
played by shock waves in particle desorption, one must regard the concept of shock 
induced sputtering as being not well developed for geometries in which the shock 
waves, if they exist, are rapidly degraded to weak acoustic waves. The question of 
the role of shock waves in particle desorption is still very much open to discussion, 
and new models are appearing, such as the soliton sound-shock model of Hilf et al. 
(to be published).

6 Pressure-Pulse Models of Desorption

The highlights of a pressure pulse model of desorption of organic molecules have 
been presented by Johnson et al. (1989). The essential aspects of the model are
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Figure 17. Pressure pulse model applied to a cylindrical ion track. Left: the cylindrical ion track 
is regarded as being composed of a series of ” mini-pulses” spaced by a distance A. Right: under 
the action of the correlated volume force, — Ve(r,t), a half-sphere of the target is ejected. rc 
scales linearly with AJF/A ~ dE/dx.

reviewed here. To start with, an ion traversing a solid is assumed to deposit kinetic 
energy in a small spherical volume of radius r0. The kinetic energy could be the 
result either of a collisional interaction or of an electronic interaction with partial 
conversion of the electronically deposited energy into kinetic energy. The assumed 
geometry is shown in fig. 16. The energy is assumed to propagate according to a 
simple diffusion equation:

V.(KVe(r,()] = ^. (20)

In this equation, k is the diffusivity, and e(r,t) is the volume energy density as a 
function of spatial coordinates and time. The solution of eq. 20 is:

AE;
7r3/2(rø + 4ké)3/2 (21)

If e(r, t)/knM is identified as a local temperature T(r, i), then the result is the ther
mal spike formalism discussed above but for a spherical geometry. An evaporative 
desorption yield could be calculated using eqs. 8 and 9.

The existence of a gradient in e(r, t) gives rise to a ‘volume force’: -Ve(r,t) 
is the net force per unit volume on a region of material containing energy density 
e(r, t). The temporally transient nature of the solution for e(r,t) given in eq. 21 
means that -Ve(r,t) is closely related to a sort of ‘pressure pulse’. The idea is
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Figure 18. Molecular dynamics simulation of pressure pulse desorption due to depositing poten
tial energy in a cylindrical track by expanding the molecules there, (o) unexpanded molecules; 
(•) expanded molecules. Expanded molecules are ejected directly in a ’’popcorn” type effect. 
Unexpanded molecules eject away from the track direction in response to the correlated volume 
force. Horizontal scale is roughly 300 Å. Adapted from Fenyô et al. (1990).

applied to the sputtering of organic molecules. The momentum acquired by a 
molecule experiencing the pressure pulse is:

3 r°°p(r) = — / di[-Vs(r,t)]. (22)
JO

Here, ß is a thermodynamical proportionality constant describing the fraction of 
the energy in the solid which appears as translational kinetic energy rather than as 
internal energy of molecules. Desorption occurs when a molecule acquires a critical 
normal momentum which is related to the surface binding energy U:

p± > pc = V2MU. (23)

The ejection of molecules by a correlated volume force is shown schematically in 
fig. 16.

The pressure pulse model has been applied to the case of cylindrical ion tracks, 
which are regarded as a collection of evenly spaced ‘mini-pulses’ (average spacing 
A). The geometry is shown in fig. 17. At depth z, radial distance p, and time t,
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Figure 19. Simulated pressure pulse molecular sputtering yield versus dE/dx. The stopping power 
scaling is approximately Y oc (dE/dx)3. Adapted from Fenyô et al. (1990).

the energy density is:

s(p,z,t)

where

+(2'-

AE\ / p \ 1 + erf[z/£(t)] 
A^(t)exp( 2 (24)

?2(t) = r2 + 4Kt (25)

The term (1 + erf[z/£(t))]/2 decreases in magnitude as z approaches zero, showing 
that there is an energy gradient at and near the vacuum interface. The surface on 
which the ejection criterion eq. 23 is satisfied is a half-sphere of radius rc, also shown 
in fig. 17. The theory does not assert anything on the form in which the material 
is ejected, but since the gradient is largest at the surface, it may be supposed 
that molecules are ejected sequentially starting at the surface and then proceeding 
downwards into the bulk. Identifying the quantity A£j/A with the stopping power 
dE/dx, it turns out that rc and the sputtering yield Y scale as follows with dE/dx\

rc oc
U dx (26)
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Figure 20. Radial dependence of the energy density from a pressure pulse classical dynamics sim
ulation. The dotted line shows a comparison to the results of the energy diffusion equation. After 
about 4 psec, the molecular dynamics results and the diffusion equation results are completely 
consistent. Adapted from Fenyö & Johnson (1992).

For a cylindrical ion track oriented normal to the surface, ejection from the surface 
is estimated as being about 45° away from the normal direction. If ions are incident 
at some angle with respect to the surface normal, than the ejection is predicted to 
be closer to the normal than 45°. In the limit of grazing incidence, then ejection 
in the plane determined by the ion incidence vector and the surface normal would 
tend to be along the surface normal.

Fenyö et al. (1990) have performed molecular dynamics simulations of pressure 
pulse sputtering. Their model solid consisted of a collection of incompressible and 
structureless ‘molecules’ of mass 104 u which were bound together by a Lennard- 
Jones potential. An excited ‘ion track’ was created by depositing potential energy 
in a narrow cylindrical region of the target. This ‘deposition’ was performed by 
‘expanding’ the molecules, i.e. by increasing the internuclear separation which 
yields the minimum potential energy between two neighbouring molecules. As 
shown in fig. 18, a number of the ‘expanded’ molecules are directly ejected close to 
the normal direction. These particles are ejected directly in the ‘popcorn’ fashion 
suggested by Williams & Sundqvist (1987). However, a considerable quantity of 
‘unexpanded’ molecules are also ejected in a direction away from the direction of 
incidence of the impacting ion. These molecules are ejected in response to the
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Figure 21. Force (solid line) and impulse (dotted line) experienced by a surface atom as a function 
of time under the influence of a pressure pulse; from a classical molecular dynamics calculation. 
In less than 5 psec, the atom in question is desorbed. Adapted from Fenyö & Johnson (1992).

pressure pulse ejection mechanism, as predicted by the analytical pressure pulse 
model described above. As shown in fig. 19, the yield of desorbed particles per 
excited track scales very nearly as Y <x (dE/dx)^, again showing consistency with 
the analytical pressure pulse model.

Fenyö &; Johnson (1992) have used the detailed information available in classi
cal dynamics simulations to examine whether a diffusion equation truly describes 
events occurring in the material surrounding an energized core region created by 
locally deposited energy. According to their results, the following events occur. 
First, over 2 to 3 psec, the core potential energy is converted into kinetic energy 
in the surrounding material. As shown in fig. 20, by 4 psec, the energy density is 
described diffusively by eq. 24. As shown in fig. 21, some molecules relatively near 
the center have acquired enough momentum to be desorbed, after a time less than 
5 psec, and these are the pressure-pulse desorbed molecules. For times greater than 
5 psec, the diffusion equation approach still describes the evolution of energy in the 
system, but an energy-dependent thermal diffusivity must be taken into account. 
Johnson et al. (1989) have noted that the conclusions from their analytic pres
sure pulse model ‘will be similar for k not constant’. As discussed above, the role 
played by shock waves in the simulation was unclear but appeared to be limited 
to defining the profile of deposited energy before collisional diffusion sets in. It is 
interesting that the classical dynamics simulation, although utilizing only detailed
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Figure 22. Top: classical molecular dynamics results, ejection angular distributions for off-normal 
and normal incident ions. Middle: radial velocity distributions for desorbed insulin ions for off- 
normal and normal incident ions. Bottom: schematic diagram of the sputtered plumes in the two 
cases. Adapted from Fenyô et al. (1990).
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Figure 23. Schematic diagram of pressure pulse desorption due to a keV atomic ion incident on 
glycerol. Reprinted from Wong & Röllgen (1986) by permission.

‘local’ or microscopic information on how molecules interact, gives results which are 
largely consistent with the macroscopic diffusion equation approach which makes 
no reference whatsoever to the detailed structure of an organic molecular solid.

For the case of MeV atomic ions incident on organic targets, the pressure pulse 
model quite convincingly accounts for several important observations. For exam
ple, the model specifically refers to the dominant neutral molecule ejection yield 
and predicts a stopping power scaling Y oc (dE/dx)^. This result is consistent 
with the only known measurement of the neutral desorbed particle yield scaling, 
performed by Hedin et al. (1987) for the amino acid leucine. The magnitude of 
the yield, typically of the order of 1000 desorbed molecules per incident ion, is 
approximately accounted for. Qualitative agreement has also been obtained be
tween the molecular-dynamics-predicted ejection angular distributions and radial 
velocity distributions obtained by Ens et al. (1989) for desorbed insulin ions. A 
comparison between these quantities is shown in fig. 22 for two different angles of 
incidence: 0° (i.e. normal incidence) and 45°. Not surprisingly, the neutrals show 
a less pronounced off-normal angular ejection pattern but with a similar sense.

Although agreement between the pressure pulse theory and MeV atomic ion 
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induced desorption results is impressive, caution is still required in assessing the 
validity of the theory. For example, it is not known experimentally whether the 
Y oc (dE/dx)l scaling law holds in general. Also, the angular distributions of 
desorbed neutral particles have not yet been measured, meaning that only qualita
tive comparisons may be made between experiment and theoretical predictions. 
Since the pressure pulse model does not address the complex issue of ioniza- 
tion/neutralization, the different stopping power scaling laws for positive and nega
tive desorbed ion yields remain unexplained. As Ens et al. (1989) and Moshammer 
et al. (1990) have shown, the angular distributions of ions from various organic 
samples can differ remarkably from one another in a way that is not clearly ac
counted for by the pressure pulse model. For example, amino acid monomer ions do 
not show off-normal ejection under excitation by normally incident ions, although 
their neutral desorption yield scales as Y oc (dE/dxfè as predicted by the pres
sure pulse model. Possibly the ejection of small organic molecules, the only case 
for which relatively detailed neutral ejection data is available, is best described by 
thermal models, which can also scale steeply with (dE/dx^e over a limited range 
of {dE/dx^e.

Another area in which the pressure pulse concept could be applicable is that 
of FAB of liquid matrices containing organic analyte molecules. Wong & Röllgen 
(1986) wrote: ‘A concerted momentum transfer to molecules by surrounding atoms 
or molecules is probably the only mechanism which leaves large, fragile molecules 
intact in the desorption process’. Their concept for desorption is shown schemat
ically in fig. 23. The authors argue that an incident keV Xe ion penetrates 50 
to 100 Å into the matrix, creating a dense cascade and stimulating a vaporiza
tion process. A high pressure builds up, ejecting overlying material in the form of 
clusters of analyte and solvent molecules. During desolvation, vibrationally ‘cold’ 
analyte molecules result. Considering remarks made in the introduction and in the 
section on thermal models concerning the size of the excited region of the target in 
comparison to the ejected volume, it is considered that the pressure pulse model 
must be taken seriously as a potential explanation of aspects of keV atom or ion 
bombardment of liquids.

Yen et al. (1992) have performed an experiment which can be interpreted as 
corroborating the pressure pulse idea for keV atomic ion bombardment of glycerol 
matrices. They deployed a charged HDPA surfactant on the surface of glycerol to 
define a layer of a preformed ionic analyte, dAMP, just below the surface. keV 
Ga+, In+, Bi+, as well as ionic dimers and trimers of Bi and Au, were used to 
bombard this system, and the ion yield of dAMP was observed to scale as follows 
with the nuclear stopping cross section Sn-. Y oc (Sn - thresh)2. Assuming that the 
detected species may only come from the surface of the glycerol-surfactant system, 
the desorption geometry is strictly two dimensional. Referring to eq. 26, it can be 
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seen that the pressure pulse model would predict approximately square-law stop
ping power scaling (Y oc r% oc S2), in qualitative agreement with the experimental 
observation. (By analogy with the simulation result of Whitlow et al. (1987), the 
excitation geometry may be considered to be approximately cylindrical.) Standing 
et al. (1982) have measured the primary ion energy dependence of alkali ion induced 
sputtering of ions from solid alanine. Ens (1992) has shown that, particularly for 
the heavier alkali ions, the ion yield is well described by the relation Y oc S^. If it 
may be assumed that ions are emitted from the bulk as well as the surface for the 
case of the solid analine, then this result is also qualitatively consistent with the 
pressure pulse model. Ens et al. (1989) also measured radial velocity distributions 
for insulin ions desorbed by keV Cs+ and MeV 252Cf fission fragments. Secondary 
ion mass spectra were surprisingly similar, but Cs+ bombardment did not produce 
pronounced off-normal ejection, as might have been expected if there is pressure 
pulse desorption such as is considered to occur for MeV 252 Cf fission fragment ex
citation. Perhaps the excitation geometries are not sufficiently alike, or perhaps 
insulin and analine targets give different results for other reasons. More work is 
needed to ascertain whether the pressure pulse concept may be applied to keV ion 
induced sputtering of organics, but there is clearly some promise that it does.

7 Concluding Remarks

In this review, a number of theoretical desorption models have been discussed and 
evaluated as to their ability to describe energetic particle beam induced desorp
tion of large, thermally labile bio-organic molecules. The following models were 
discussed: collision cascade; ion track; evaporative thermal spike; bulk desorption; 
shock wave; and pressure pulse. Although the models as expressed have a degree 
of generality, they each tend to refer only to a part of the overall process that 
starts with projectile impact and ends with the detection of an ionic or neutral 
desorbed particle. Also, experimental situations considered were quite varied, in
cluding both solid and liquid organic targets and bombardment by keV and MeV 
atomic and cluster ions. Given the wide range of situations that it is desirable 
to model and the limited scope of each theory, it is not surprising that no one 
model can be found that describes everything. In some cases, it is quite plausible 
that two or more models apply simultaneously. For example, in the case of keV 
atomic ion bombardment of liquid organic matrices commonly employed in FAB 
mass spectroscopy, evidence of collision cascade sputtering can be seen along with 
the dominant bulk desorption mechanism. As another example, the precise role of 
shock waves in causing desorption is rather uncertain. The role of a shock wave 
could be merely to heat a region of a target, after which bulk desorption may occur.
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In the case of cluster ion bombardment of organic targets, the operative desorption 
mechanism is unknown, but evaporative thermal spike, bulk desorption, pressure 
pulse, and shock wave mechanisms have all been convincingly invoked to rationalize 
the observations.

The desorption of a large bio-organic molecule without significant fragmentation 
requires a considerable impulse without significant accompanying internal energy. 
‘Volume forces’ and ‘collective’ motion of the lattice can satisfy these requirements 
and lead to desorption of intact molecules relatively far from the area of initial exci
tation. Consequently, the bulk desorption, shock wave, and pressure pulse models 
are most appealing as candidates for describing large molecule desorption. Possibly 
the pressure pulse model may be considered to be the most general model that has 
been proposed so far. This model is roughly consistent with much of the body of 
data on MeV-atomic-ion-induced desorption of organic molecules and can be em
ployed to rationalize many features of keV atomic- and cluster-ion bombardment of 
organic targets as well. Molecular dynamics simulations, based on a purely micro
scopic interaction picture, give results consistent with the analytical pressure pulse 
model and its macroscopic viewpoint of assumed diffusion of energy density with 
no reference to detailed structure and interactions. This impressive agreement is a 
further indication that ejection of whole molecules by an energy gradient volume 
force is a feasible desorption mechanism.

Although bulk desorption and the pressure pulse/shock wave models are most 
able to explain the desorption of large molecules under particle impact, there are 
cases for which the other models considered, such as the collision cascade, ion 
track, and evaporative thermal spike models, have some validity. For example, 
evaporative models may provide an adequate explanation for MeV ion-induced 
desorption of small organic molecules, and the collision cascade model describes the 
high kinetic energy component of molecules desorbed from liquid matrices under 
keV atomic ion bombardment.

Several directives for future work should be considered. For example, nearly 
every theory makes predictions concerning sputtered neutral molecules, whereas 
nearly every experiment is based on the detection and analysis of sputtered ions. 
This discrepancy is a serious one that hinders comparisons between data and the
ory. It is therefore recommended that theorists perform more detailed analyses 
of ionization and neutralization processes, and that experimentalists make serious 
efforts to measure neutral molecule yields and kinetic energy- and angle-resolved 
ejection distributions. Atomic force microscopy imaging of ion impact ‘craters’ 
and multiphoton ionization probes of neutral ejecta would be two effective means 
of extending our knowledge on the behavior of neutral desorbed molecules. Also, 
it is noted that well-designed computer ‘gedanken experiments’ provide powerful 
insight into the response of matter to energetic particle excitation. As has been 
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convincingly demonstrated by a number of workers, molecular dynamics is a power
ful tool for investigating the link between microscopic interactions and macroscopic 
behavior. However, current simulations of ion impacts on organic targets regard 
the target molecules as point particles, and it would be a significant advance if the 
internal structure of the molecular target particles could be also taken into account. 
This would lead to a better analysis of conditions under which varying amounts of 
internal excitation of desorbed molecules occurs, a subject which has not yet been 
thoroughly investigated.

The overall conclusion of this account is that some very impressive models of 
bio-organic molecule ejection have been generated. The pressure pulse model of 
ejection seems to be the most generally applicable model available at this time, but 
one must be aware of certain subsets of the observations that may require invoking 
other desorption models in order to be adequately explained. With appropriate 
extensions of existing experimental, theoretical, and calculational art, the prospects 
for attaining a thorough understanding of macromolecular desorption are quite 
promising.
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