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Abstract

lon recombination in MALDI is as important as any ion formation process in determining the
quantity of ions observed, but has received comparatively little attention. Molecular dynamics
simulations are used here to investigate some models for recombination, including a Langevin-
type model, a soft threshold model and a tunneling model. The latter was found to be superior
due to its foundations in a widespread physical phenomenon, and its lack of excessive sensitivity
to parameter choice. Tunneling recombination in the Marcus inverted region may be a major
reason why MALDI is a viable analytical method, by allowing ion formation to exceed ion loss on
the time scale of the plume expansion. lon velocities, photoacoustic transients and pump-probe
measurements might be used to investigate the role of recombination in different MALDI
matrixes, and to select new matrixes.
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Introduction

Mechanistic understanding of MALDI ionization is essential for efficient, rational development of
this widely used analytical technique. Considerable progress has been made in recent years, see
[1] for a recent review. The physical chemistry involved falls into several categories: (i) thermal
and mechanical aspects such as heating, phase change, clustering and plume expansion;[2] (ii)
photophysics and chemistry of the matrix leading to primary matrix ion formation; (iii) primary
ionization processes which do not involve matrix, such as direct analyte photoionization, or
ionization during the sample preparation process ("preformed" ions); (iv) secondary reactions of
primary ions with neutrals during ablation, whether by electron transfer, proton transfer or ion
adduct formation; and (v) the loss mechanism of charge recombination. These components are
obviously coupled, in many cases quite strongly.

Attention to date has focussed largely on the first four components, especially the question of
primary ion formation. This is natural, since a major objective is to maximize MALDI sensitivity by
creating as many primary ions as possible, with consequent increased formation of secondary
analyte ions. Many questions about MALDI ion formation remain inadequately answered, and
only a few matrixes have been investigated in any detail. However, even more questions remain
regarding the other major factor limiting MALDI ion yield: loss mechanisms.

lon yields in the 10'4 to 10’3 range have been reported.[3-7] Unless the primary ionization
processes have similarly low efficiency, loss rates in MALDI must be high. Among other
considerations, such as low typical charge states of large biomolecules, this led Karas et al to
describe ion recombination as the process which ions must escape to become a “lucky survivor”
in their 2000 model.[8] While important as a framework to plausibly explain aspects of observed
spectra, that model does not make quantitative predictions, nor provide insight about
recombination rates or mechanisms. It is also incompatible with some MALDI phenomena.[1] The
initial model suggested a major role for free electrons, but it is now clear from electron capture
cross sections[9-11] and binding energies[12]of matrix molecules that these are short-lived.
Instead, matrix anions are the dominant negative charge carriers. For the same reasons, only a
few-nanometer region at the surface of the sample will develop a net positive charge due to
electron escape. In addition, any photoelectrons due to laser light reaching a metal sample
substrate are more than compensated by enhanced matrix ionization at the interface.[13, 14]
Later developments[15, 16] placed less emphasis on electrons and more on clusters, and the
model remained entirely qualitative. Reactions in clusters were also a central theme of several
studies and proposals of the Tabet group.[17-20]

Going beyond qualtitative approaches, many MALDI phenomena have been successfully
qualitatively or semi-quantitatively treated using a two step model involving primary matrix
ionization followed by secondary ion-molecule reactions with analytes.[21-23] The MALDI sample
and ablation plume is treated as a reaction vessel, and differential rate equations for the various
physical and chemical processes, including recombination, are numerically integrated to give the
final ion populations that can be observed as a mass spectrum.[21-23] Most recently this
approach was successfully applied to question of positive vs negative ion ratios,[23] where it was
shown that these are the combined effect of thermodynamic limits in the individual polarities, but
kinetically limited interconversion reactions.

The importance of recombination in the two step model, is illustrated in Fig 1. The maximum ion
population is much higher than the final number of released ions. Most of the losses occur early,
when ions become mobile following the phase transition, but the density is still high. Because
density and pressure strongly influence loss rates, the phase transition is an important part of the
model.

In the rate equation model, the sample is assumed to vaporize completely at a fixed temperature.
Since rapid laser ablation processes like MALDI are unlikely to be so straightforward,[24-32] a



molecular dynamics implementation of the two step model was developed, including the same
photochemical processes, but with far fewer restrictions on the physical evolution of the system.
[33, 34] Recombination losses in the MD model are similar in magnitude to those of the rate
equation results, as seen in Fig. 1.

Figure 1:

While the success of the rate equation model strongly suggests that the parameters used are at
least approximately correct, this begs the question of what determines these, and how they might
be influenced. In molecular dynamics, reaction probabilities must be specified in more detail. At
the least, some rate vs. distance function must be included, which implicitly or explicitly
represents particular physical processes. As already noted in the first MALDI molecular dynamics
reports, the recombination model and parameters are among the most sensitive factors in the
model.[33] The present work explores this aspect of MALDI in more detail.

Recombination in MALDI may involve a variety of species. Molecular radical ions are readily
observed for many analytes in MALDI, and electron transfer reactions between them, and with
matrix, have been investigated in detail.[35-38] However, more analytes are observed as proton
adducts and/or as deprotonated anions. In addition, alkali metal adducts are commonly observed.
As noted above, free electrons may be largely disregarded, in favor of matrix anions.

Reaction between molecular cations and anions will obviously be an electron transfer process.
The net reaction between protonated and deprotonated species is proton transfer, but may in fact
proceed by electron transfer followed by hydrogen transfer. Proton tunneling is also known, and
might play some role in MALDI, but it is not expected to be significant. Being 1836 times lighter
than protons, electrons have a much larger tunneling range, which has a dependence like exp(-

(mass)1/2). As a result, it is highly probable that recombination of protonated / deprotonated
species in MALDI will generally proceed by a sequential electron-hydrogen transfer, in which the
electron transfer step is rate determining:

MHT + (M-H)" — MH® + (M-H)° — 2M

Even if the hydrogen transfer (second) step is slow, neutralization by electron tunneling is the first
step, and the only step relevant for the present simulations.

In the rate equation model, neither the types of ions nor the mode of recombination need be
specified. Based on the considerations above, the present molecular dynamics model assumes
all ions to be of equivalent type, and that recombination to proceed by a single mechanism. In the
two threshold models below, the ions and mechanism need not be further specified. In the
tunneling model, all recombinations are assumed to occur by electron tunneling, with an implicit
second neutral atom transfer, if one wishes to imagine the ions to be protonated / deprotonated
molecules.

Computational Methods

The breathing sphere molecular dynamics model has been described previously.[24-28] The
extensions of the model to include the photophysics and ion-molecule chemistry of MALDI have
been reported in refs. [33, 34]

In this study the simulated samples were smaller than in previous MALDI work, to enable rapid
comparison of models and parameter sets. The dimensions were 72.5 by 10 by 10 nm, with
49910 matrix molecules. In contrast to the earlier simulations, no pressure transmitting boundary
conditions were applied at the back of the sample. Periodic boundary conditions were applied in
the lateral directions, so the simulation corresponds to a free standing fim. The sample is



completely ablated at the laser fluences used.

The 355 nm gaussian laser pulse had 35 ps temporal width. The parameters of the new
recombination models will be described below. They apply to both matrix and analyte, but results
for analyte are not presented here. Otherwise all intermolecular potentials and simulation
parameters were as reported previously, with parameters appropriate for DHB matrix. The
simulations were performed on a variety of personal computers, and required approximately 2
weeks to simulate one nanosecond of a MALDI event.

Recombination Models and Results

In the models to date, both electronic excitations (excitons) and charges have been assumed to
be highly localized, but mobile. Exciton hopping and pooling (reaction of 2 excitons) are key
processes in ion formation, and described using pairwise interactions. Charge is assumed to be
fully localized on individual molecules. (Note that the molecular dynamics technique used is
molecular rather than atomistic, so localization within the molecule is not possible.) Charge is also
mobile, in that it is allowed to hop from one molecule to another, if this hop reduces the total
energy of the system.

As the temperature increases, the material is vaporized, which may be an explosive event, if fast
energy deposition leads to strong overheating. During this period, and in the later expansion, all
species are increasingly translationally mobile, mean free paths increase quickly, and
electrostatic screening decreases with density. Due to the long range nature of the Coulomb
force, oppositely charged species are then attracted over long distances. MALDI becomes a race
between recombination and separation of charges by the plume expansion. Charge separation
may be aided by applied external fields, but only after ion motion is dominated by those fields and
not by collisions.

Hard Threshold

The recombination picture used up to now is essentially equivalent to the Langevin model of solid
state physics.[39] The rate is limited by how fast ions find each other. At a threshold radius,
recombination is taken to occur effectively instantaneously, being much faster than charge
motion. In the MD model, charge moves either by molecular translational motion, or by hopping. A
hop is allowed if the total energy of the system is thereby decreased. The energy decrease can
come either from a more favorable total charge distribution, if the charge is transferred between
two like molecules, or by transfer of charge to a molecule with a higher affinity for that charge.
This can be the case if transfer is to or from analytes, which have different proton or electron
affinities than the matrix.

A hard threshold is intuitively attractive in cases where charge density and ion mobility are low,
but it introduces the somewhat arbitrary recombination radius. This was found to be a very
sensitive parameter in the original MALDI MD study.[33]The sensitivity comes not least from the
fact that charge densities in simulated MALDI events are very high, as shown in Fig. 1, reaching
several percent (depending on laser fluence). Note that in the case of face centered cubic
packing of the model matrix, 1/12=8.3 mole percent would represent an average of about one
nearest neighbor ion for every neutral. Diffusion or migration of charge is then not rate limiting
during this part of the MALDI event. As a result, by choice of the recombination radius the fraction
of ions surviving the ablation event can be varied from very high to very low values. This is largely
a function of the typical closest approach distances at the highest temperatures reached, and
therefore a function of the intermolecular potentials used.

Soft Threshold

Since charge migration is not the limiting factor during an important, if short, part of the MALDI
event, the approach needs to be revised. It is physically more reasonable to use a model in which




the probability of recombination increases smoothly with distance. An obvious first step away from
the hard threshold, but which retains an agnostic view of the underlying mechanism, is to use a
soft threshold. The logistic function was tested for this, which has the form:

P(R)=1- 1/(1 + exp(-(R-Rq)W))

Where P is the probability of recombination between two oppositely charged ions at distance R.
RO is the threshold distance, and W the width parameter. This function provides a smooth

transition between unit and zero probability, and is symmetric about RO. It is shown for a range of

width parameters in Fig 2. The central value, RO=1.675 Angstrom, is in the range of the matrix-

matrix closest approach distance, under typical simulated temperatures and pressures.
Figure 2.

While this function does not imply or impose any particular mechanistic model, it does add a
second parameter which must be empirically adjusted without physical guidance. The results
must be evaluated by how the parameters influence the evolution of charge density during the
event, and the resulting net ion yield after significant plume expansion. It was found that. as for
the hard threshold, small changes in the parameters have a very large effect, particularly the
radius. This sensitivity, coupled with the lack of a physical foundation, led to the conclusion that
the soft threshold model is not significantly better than the hard threshold.

Tunneling

The threshold models require that the ions "touch", although the soft model assumes that the
"edges" are slightly fuzzy. Molecules do not have sharp boundaries, and molecular electronic
wavefunctions decay exponentially with distance, to a first approximation. As a result molecules
can "feel" each other, although weakly, at rather long distances. This is the basis for most
treatments of electron tunneling, in a variety of settings. These include field electron emission,
metal-insulator-metal junctions, scanning tunneling microscopy, and donor-acceptor molecular
pairs, ranging from small molecules to ones as large as proteins.

In the Golden Rule perturbative formulation, the tunneling probability is determined by the overlap
of the donor and acceptor wavefunctions across the barrier created by the gap between them:[40-
42]

P:Kl <LIJD| Hbarrier | Ya >| 2

In the usual semiclassical Jeffreys, Wentzel, Kramers, Brillouin (JWKB) approach, the electronic
wavefunctions decay exponentially inside a flat-top rectangular barrier. Their product therefore

has an exponential dependence on the barrier width. The probability takes the form
P= K, exp(-BR)| <dp| ®, >| 2

Where K0 corresponds to the maximum probability at zero effective barrier width, B describes the
decay of electronic overlap with barrier width R, and the matrix element <<DD| ®, > is over the
vibrational part of the wavefunctions, usually known as the Franck-Condon factor.

Since the molecular geometry may undergo significant changes as electrons are added to or
removed from bonding and nonbonding orbitals, the vibrational potential surfaces relevant for the



Franck-Condon factors are typically substantially displaced in some internal coordinates.
Tunneling rates may then depend on the relative vertical displacement of the surfaces, which
changes the wavefunction overlap. This displacement is closely related to the net energy
difference of the donor and acceptor states, the AG of the reaction. It can go through a maximum
at some AG, and decrease at yet more negative AG. This is known as the Marcus inverted region.

Including the zero barrier maximum rate, a, the exponential intermolecular distance exponent, £,
and the Franck-Condon factor, a general expression for tunneling rate per second is: [43-45]

log4o(k) = a- BR - Kv (AG+N)2 /A

Where the vibrational surface overlap has been expressed in terms of the reaction free energy
and a reorganizational energy, A, with a scale factor for the Franck-Condon factor of Kv. This
expression is valid for a flat-top barrier, which is physically correct if there is no potential
difference across the barrier. Since we are explicitly interested in the case where opposite
charges approach, there is an electric field in the barrier region. In addition external fields may be
applied during the ablation event. A tilted barrier potential can be treated,[46] but is not included
here, since it adds further complications which may not be warranted, in view of the simplicity of
the overall approach.

Measurements are lacking on electron tunneling rates in MALDI matrix materials. In the absence
of contrary evidence, they will be treated here as typical organic substances. Considerable effort
has been expended in investigating electron tunneling reactions, since they are both fundamental
to life, and relevant to industrial electrochemistry. Typical values for a and B for many donor-
acceptor pairs, both small and large, are 13 and 0.5-1.1, respectively.[43, 47] The a parameter
corresponds to a typical frequency factor in reaction rate theory, while the decay exponent 3
depends on the height of the barrier. In molecular terms, 8 often corresponds roughly to the o ->
o* energy, and therefore is rather generic for most organic materials. Based on these
considerations, these widely applicable values of a and 3 are considered likely to be reasonable
for MALDI materials as well.

The reorganizational energy, A, is more problematic. It depends on the specific nature of the
donor and acceptor molecules, and their potential surfaces. Electron transfer between otherwise
uncharged donor and acceptor sites in proteins must take place on a qualitatively different
surface than transfer between positively and negatively charged molecules in MALDI. Without
further information, it was considered best to avoid unreliable estimates of this parameter, and it
was not explicitly included in the calculations. This is not considered a significant limitation, since
this term is not dependent on intermolecular distance, and therefore has the same effect as
reducing a. For this reason some calculations using a=12, as well as a=13, were performed.

The only significant loss of generality in omitting this term is that it includes the temperature
dependence. However, recombination involves a large negative free energy change, which
normally makes thermal activation relatively unimportant. It was considered more important to
limit the unknown parameters to two, than to include a weak temperature dependence and two
more, poorly known, parameters.

Figure 3 shows the time evolution of ion populations for a=13 and two [ values. As is apparent,
the barrier decay exponent has a large influence on the shape and height of the curves. A large
exponent corresponds to reduced overlap of donor and acceptor wavefunctions, and a reduced
recombination rate. As a result, the peak ion populations varied by about a factor of 1.67 between
the extreme values of 3 tested here. This is very close to the corresponding ratio of wavefunction
overlaps in the tunneling barrier, exp(-0.5)/exp(-1.0) = 1.64.



Figure 3.

Following the peak, the B-dependent differences were even more pronounced, because
recombination has a large effect on the rate of conversion of laser energy to heat. Considerable
energy is initially stored in separated charges, fast recombination makes this available earlier
than slow recombination. The consequence is a large difference in rate of ablation and
expansion. In Fig. 3, the 3=0.5 plot is already flat at a few 100s of picoseconds, because the film
has explosively disintegrated, and the remaining ions are entrained in a rapidly expanding gas.
By contrast, the p=1.0 plot shows much more gradual heat conversion and consequent
expansion. This is also apparent in Figure 4, which shows the recombination rate versus time for
the two simulations of Figure 3.

Figure 4.

The evolution of sample density which is associated with these differences is shown in the next
figure. The dynamics of ablation are obviously quite different for slow and fast recombination.
Rapid energy deposition not only led to earlier expansion, but also to higher velocities and less
cluster formation. Secondary matrix-analyte ion-molecule reactions will be strongly modulated by
such changes, since they depend on the number of intermolecular collisions during the
expansion.[8, 23] The number of analyte ions which are detected also depends on how many
remain in clusters, and hence cannot appear at the correct mass/charge value.

Figure 5. Density versus time and axial position, for different recombination parameters. The laser

was incident from the right onto the surface at Z=0, and the fluence was 50 mJ/cm2. The
tunneling parameters were, from left to right: a=13, f=0.5; a=13, $=1.0; a=12, 3=0.8. Darker
regions are denser, the grey scale ranges from zero (white) to 770 molecules per nanometer in
the Z direction (black).

As can be inferred from Fig. 5, the peak pressure reached was higher for fast recombination,
since higher peak pressure leads to earlier and faster expansion. This scaled strongly, inversely
and linearly with B (from about 275 to 50 MPa) if disintegration happened within about 150 ps
after the laser pulse. Slower disintegration allowed the material to relax before much vapor
formed, so the peak pressure was approximately the same (50 MPa) for all slow recombination
rates. Similar trends were observed for different a. Higher a, and faster recombination, led to
higher pressures.

The model parameters had a more modest effect on temperatures. The peak values were around
1200 K in all cases. The peak temperature was reached early in simulations with fast
recombination, and later for slow recombination. The slower effective heating in the latter cases
allows for a more gradual expansion of the film and the corresponding decrease in the peak
pressure. Note that in all simulations the peak temperature exceeds the threshold temperature for
the onset of the explosive boiling of the overheated matrix represented by the breathing sphere
model (1060 K as determined in Ref. [28]). As a result, in all simulations shown in Fig. 5, an
explosive disintegration of the irradiated film into a mixture of liquid droplets and vapor phase
matrix molecules is observed.

A summary of peak and final (1 nanosecond) ion populations is shown in Figure 6. The peak
climbs smoothly with B, and shows a parallel vertical shift with a. This smooth and systematic
behavior is preferable to the high parameter sensitivity of the hard and soft thresholds. Among
other advantages, it means that choice of parameters is much less critical, and tolerant of some
error.

The ion populations at 1 nanosecond are, of course, much lower. For a=13, all samples
disintegrated relatively quickly, the 1 ns populations follow a smooth curve versus (. The



difference between minimum and maximum is nearly a factor of two, more than for the peak
populations. For a=12, and large B, disintegration was slow, and the density had not decreased
much at 1 ns. Therefore, this curve shows two regions: a slowly varying part at low B, consistent
with the a=13 results, a steeply rising part at high B. It is expected that this part of the a=12 curve
will approach that of a=13 upon further expansion of the plume.

Figure 6.

Since the population of positive ions at any fixed time, such as 1 ns, depends on the sample
density, which changes at a different rate in each simulation, an attempt was made to take this

into account. Using the average density at the center of the sample, and the t=1 ns density of the
a=13, B=1.0 simulation as the reference, the B dependence of Fig. 7 was obtained. The result is
not qualitatively different from those at fixed times, there is a moderate increase in population for
higher 3.

Figure 7.

Conclusions

Charge recombination is known to be as important as ion formation mechanisms in determining
the analytical ion yield, but has been insufficiently investigated. In a first step, some models were
compared using molecular dynamics simulations.

A simple model for recombination, in which charge diffusion to a contact radius is assumed to be
rate determining, is very sensitive to parameters which can not be readily linked to physical
foundations. The charge density during important periods of the MALDI event is also too high for
charge migration to be rate limiting, at least after the sample becomes fluid.

In contrast, electron tunneling is a common physical process when potential donors and
acceptors are in near contact, making it a logical addition to the molecular dynamics MALDI
model. Electron tunneling is considered to be a likely mechanism in all MALDI experiments, even
if ions are primarily created by adduct formation, because electron tunneling does not require
contact for charge transfer. In that case, adduct atom transfer presumably accompanies or follows
the electron transfer.

In the absence of relevant tunneling information on MALDI matrix materials, parameters in the
ranges found for numerous organic and biomolecules were tested. These parameter ranges led
to physically plausible results that are consistent with experiment, and not overly sensitive to the
exact parameter values.

MALDI recombination tunneling is certainly somewhere in the Marcus inverted region. Inverted
region recombination in the solid state can become so unfavorable that the time scale stretches
to hours,[48] though this would not be possible in the fluid MALDI plume. This may be a major
reason why MALDI is viable as an analytical method, allowing ion formation to exceed ion loss on
the time scale of the plume expansion.

Pushing MALDI further into the inverted region would be desirable to enhance analytical
performance. Most easily adjustable experimental parameters have little direct effect on the
intermolecular interactions (short-range wavefunction overlap) which determine tunneling rates
and ranges. Laser pulse energy, pulse width, extraction field or sample mixing ratio, for example,
all have at best an indirect effect. But they do change the plume temperature, its rate of
expansion, and reactant concentrations, which then influence ion-ion reaction rates. But specific
tuning for low recombination without also affecting ion formation is not possible with these
parameters.



More promising may be to optimize or select matrix materials with recombination in mind.
Obviously properties of the matrix affecting primary ion formation and secondary matrix-analyte
reaction efficiencies must not be forgotten (such as proton affinity, ionization potential, absorption
spectrum and ability to incorporate analytes into the crystal), but other matrix characteristics may
contribute to MALDI performance by modulating recombination. For example, the electronic
overlap factor will depend on how much and where charge is localized in donor and acceptor. If
intersystem crossing is significant in donor or acceptor, as may be induced by heavy atoms such
as halides (e.g. salts), triplet states may become important. In the denser period of MALDI
ablation, multibody interactions will modulate the electronic states significantly, as is already
observed in the form of exciton migration and pooling. If donor and acceptor form hydrogen
bonded complexes, specific intermolecular orientations will be preferred, which may limit or
enhance tunneling.

Selecting and optimizing for recombination also requires some experimental means of evaluating
this aspect of MALDI performance. The recombination-induced heat pulse may provide a useful
measure of how matrixes differ in their recombination behavior. Photoacoustic studies of MALDI
samples have been shown to be feasible.[49] The fivefold change found here in the peak
pressure as a function of B suggest this might be a sensitive indicator, after correction for
differences in matrix absorption cross sections. The heat pulse is also closely linked to the initial
plume expansion velocity, so existing velocity data and generalizations about matrixes as being
"hot" or "cold" may be more a result of recombination efficiency than anything else.

Pump-probe experiments could also be used to gain further insight. These have also been carried
out on MALDI samples, using lasers with similar pulse widths to those modeled here.[50, 51] The
dependence of the ion yield for DHB matrix on delay between the pulses showed a distinct
minimum at about 100 ps, followed by a broad maximum at about 2 ns. A reasonably similar form
was calculated using the differential equation model[21] and attributed to the varying ionization
efficiency of the second pulse in the early dense sample vs. the less dense early plume. If true,
this places a rather low time limit on the onset of sample disintegration. It would have to start no
later than 100 ps after the initial laser pulse. This in turn suggests that, of the parameter sets
tested here, high a (13) and low B (0.5-0.7) values are more likely to be correct, since they lead to
faster and earlier ablation. Since the lower a value used, 12, was selected to roughly correspond
to the case of a high vibrational reorganization energy, it seems unlikely that temperature is a
large factor in MALDI tunneling.
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Fig 1: Comparison of rate equation and molecular dynamics models of MALDI. In both models,
ions are formed by pooling of the S1 and Sn electronic excited states. When these are abundant
ion formation is rapid, but then is followed by extensive recombination losses. The difference
between these at the end of the plume expansion represents the experimentally observable ion
yield.
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Figure 2. Soft recombination threshold model, as represented by a logistic function.
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Figure 3. Fractional excited state and positive ion populations versus time, calculated using the
molecular dynamics model for a=13 and 3= 0.5 or 1.0. The laser pulse energy was 50 mJicm?,
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Figure 4. Recombination rate for the simulations of Figure 3. Also shown is the positive ion
population, scaled to match the height of the recombination rate curve. During the high density
period, the recombination rate scales with the ion density. As the expansion begins, the rate
drops quickly. Both the peak rate and the decrease after the peak are greater for $=0.5 than for
B=1.0.

1000

g0

400 —

Time, picoseconds

200

L e L T I T I e
-1500 -1000 -500 0 500 -1500 -1000 -500 0 500 -1500 -1000 -500 0 500 1000
Z position, Angstrom



Figure 5. Density versus time and axial position, for different recombination parameters. The laser

was incident from the right onto the surface at Z=0, and the fluence was 50 mJicm2. The
tunneling parameters were, from left to right: a=13, f=0.5; a=13, p=1.0; a=12, 3=0.8. Darker
regions are denser, the scale ranges from zero (white) to 770 molecules per nanometer in the Z

direction.
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Figure 6. Fractional positive ion populations calculated using the molecular dynamics model, with
a=13 and various values of 3. Both the maximum value and the value at t=1 nanosecond are

shown. The laser fluence was 50 mJ/cm2.

Fractional positive ion populations calculated using the molecular dynamics model, with a=13
and various values of 3. Both the maximum value and the value at t=1 nanosecond are shown.

The laser fluence was 50 mJ/cm2.
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Figure 7. Fractional positive ion population as a function of B, for a=13, and laser fluence=50

2
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