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Abstract. A method for depositing nanoscale spheres onto a substrate and subsequently
ejecting them is developed. We investigate electrostatic, mechanical, and laser ejection
both in theory and in experiment. The electrostatic and mechanical methods proved
fruitless, causing us to refine our model of small-scale adhesive forces. Laser cleaning is
demonstrated to be successful. Further work is underway to characterize the behavior of
particles ejected by a fast laser pulse.

1. Introduction

The interaction of high-intensity ultrafast (sub-100 femtosecond) laser pulses with mat-
ter is highly non-linear, and particularly poorly understood when the size of the particles
being irradiated is on the order of the wavelength of the laser. Previous simulations and
experiments have shown that wavelength-scale spheres experience significant Mie enhance-
ments when pulsed, leading to higher temperature of the emitted electrons and higher
energies of the emitted X-rays. The most dramatic effects were observed when the di-
ameter of the spheres d was slightly more than one half the wavelength of the laser λ.[1]
However, these studies were limited because the spheres were closely packed and layered
on a copper substrate, creating background noise.

The mechanism for this increased hot electron production is believed to be stochastic
multi-pass heating. This phenomenon may occur when an ultrafast laser pulse creates a
plasma around a sphere and rips out some of the electrons, giving them one ponderomo-
tive kick of energy. The rapidly oscillating electric field then throw the electrons back
into the plasma. If the plasma is large enough to delay the electrons but not so large as
to completely attenuate them, they will emerge out of phase with the electric field. This
allows them to receive another ponderomotive kick, and through repeated kicks acquire
large amounts of energy.[2] These high-energy environments make fertile ground for the
study of fusion.

In an attempt to better understand this behavior, a device was constructed over the
past few years to generate aerosols of micron-scale water droplets. A piezoelectric oscil-
lator was used to create a mist of water droplets in an atomization chamber; varying the
frequency of the piezo varies the distribution of droplet sizes. Sucking some of this mist
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into a vacuum chamber allows us to address individual droplets with an ultrafast pulse.
The extremely high energies present make fertile ground for fusion research, and by using
deuterated water, the group was able to observe 2000 fusion neutrons per incident Joule of
laser energy.[3] The downside is that the droplets come in a distribution of sizes instead of
being monodisperse, and that they are surrounded by a carrier gas from the atomization
chamber.

With this in mind, the goal of the group this summer was to develop and characterize
a device capable of reliably delivering a cloud of monodisperse spheres across a gap in
vacuum. Such a device would be directly applicable to the study of both stochastic multi-
pass heating and laser driven fusion.

2. A New Vacuum System

The ultrafast laser systems required to probe for stochastic multi-pass heating must be
focused down in high vacuum, therefore any ejection system we design must work in high
vacuum as well. Last year the group designed and ordered a large (89 Liter) stainless steel
vacuum chamber for this purpose. It includes viewing ports, voltage feedthroughs, vacuum
pump feedthroughs, vacuum gauge ports, and high quality sight ports to let in or out a
laser beam.

We also own a Welch 1402 Roughing pump, which is capable of pumping the chamber
down to 0.2 Torr after a few minutes, and 0.05 Torr after an hour. This is not only a poor
approximation of the high vacuum surrounding an ultrafast pulse, but it also leads to some
unexpected problems. Particularly, if an ejection method is to involve high voltage, going
to rough vacuum makes arcing a serious problem.

Consider two electrodes separated by a gap d and potential difference Vc. At atmospheric
pressure, electrons accelerated off of one electrode experience many collisions with free gas
molecules on their path to the other electrode, never acquiring enough kinetic energy
to start a breakdown avalanche. As the pressure drops and the mean free path of the
electrons increases, they acquire more energy and arcing becomes more likely. However,
past a certain point the gas is so thin that most electrons cross without interacting with a
single gas molecule, and arcing never occurs. Paschen’s Law states that the arcing voltage
at pressure p is:

(1) Vc =
apd

ln(pd) + b

Where b = 12.8 and a is a parameter that depends on the gas. For air, a = 43.6 ·
106 V/atm · m. Treating p · d as one variable, the absolute minimum breakdown voltage

can be found by setting
∂V

∂(pd)
= 0. The resulting relation is
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(2) pd = e1−b = 7.5 · 10−6 m · atm

If we let the chamber pump down to 0.2 Torr, this minimum breakdown voltage will
occur across a gap of 2.85 cm, which is exactly the size scale between the positive plate and
the (all grounded) scaffolding of the negative plate. If we are patient and let the chamber
pump down to 0.05 Torr we have improved the minimum distance to 11.4 cm, but this is
still the order of distance between the positive plate and the grounded walls of the chamber.
This minimum arcing voltage occurs at 327 V, which is not particularly high.[4]

Clearly, we need a better pump. Note that Paschen’s law gives a negative breakdown
voltage when ln(pd) + b < 0, indicating arcing is impossible. Therefore, we can obviate
the problem by restricting ourselves to a regime where pd < e−b = 2.76 ∗ 10−6 m · atm.
Given the longest distance between two points in our chamber is less than 1 m, we will be
absolutely safe if we can get the pressure below 2 mTorr.

At the beginning of the summer, I helped design and purchase a high vacuum pump
system. We decided to make the centerpiece a turbomolecular pump, because these pumps
are compact, relatively maintenance-free, require few accessories, and can be bought refur-
bished for cheap. Turbo pumps utilize a series of bladed turbine rotors, with each blade
angled away from the vacuum chamber. The blades direct individual gas molecules out of
the chamber and back towards the roughing pump.[5]

We ended up purchasing a refurbished Varian Turbo-V200, so named because it is capa-
ble of a nominal pumping speed of 200 liters/second. It is theoretically capable of holding
a pressure of 10−9 Torr if the chamber is a priori baked at a high temperature to remove
hydrocarbons, and 10−6 Torr without baking. It requires a foreline pressure of .75 Torr
before it can be switched on, but our roughing pump can achieve this in a few minutes.
We also purchased a hot cathode Bayard-Alpert gauge capable of measuring pressure as
low as 2 · 10−9 Torr.

When the turbo pump is turned on, the pressure very rapidly falls to around 4·10−3 Torr.
It requires 15 minutes to cross the arcing threshold as predicted by Paschen’s law, and after
an hour is around 6 · 10−4 Torr. If left on overnight, it is able to achieve a steady pressure
of 5.7 · 10−5 Torr. Having a fully function vacuum system gives us increased flexibility in
designing a sphere ejection system, and could also prove useful for any number of projects
in the future.

3. Electrostatic Ejection Model

Our first attempts at ejection utilized electrostatic forces. We deposited the spheres on
a conducting substrate, placed it near another conducting material, and put a high po-
tential difference between the two. This may force charge onto the substrate and spheres,
creating a large repulsive force between them. I created a model of electrostatic ejection,
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to determine its viability.

We decided to use stainless steel needles as substrates, because they come to a sharp
tip, and sharp corners tend to enhance electric fields. Due to the strange geometry, the
problem of finding the electric field along a path between the two needles is non-trivial.
We then need to model the contact forces on a sphere, and compare them to the electric
pull-off force. Finally, we can use our knowledge of the electric field to predict the spheres’
flight between the needles. Knowing how the distribution of spheres moves would be a
good first step towards intercepting them with an ultrafast laser pulse.

We have two needles with their tips facing each other, separated by some gap distance
L. We know that one is held at voltage V0, and the other is at ground. We also know the
walls of the vacuum chamber (which are about 30 cm away) are held at ground. Modeling
the entire vacuum chamber would be computationally very expensive and yield little useful
information, so we need to place an artificial boundary around the needles and declare it
to be “at ground.” The smaller we make our space the less computing needs to be done,
but the less exact the solution will be.

To model the needles themselves, I considered the Scanning Electron Microscope (SEM)
pictures shown in figure 1

Figure 1. Two SEM images of stainless steel sewing needles, with measurements in-
cluded. The needles are angled at 45 degrees down, so all vertical measurements need to
be multiplied by a factor of

√
2. Based on these images, I decided to model the needles

as truncated cylindrical cones.

Now that we have the two needles, we can construct a domain where the voltage is known
entirely on the boundary (V0 on one needle, 0 on the other needle and the border). From
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electrostatics, we know the voltage in a charge free region (such as between the needles)
obeys Laplace’s equation:

(3) ∇2V = 0

With the voltage on the boundary specified, this equation is guaranteed to have a unique
solution on the interior. To approximate the solution, I used the relaxation method. It stems
from the observation that solutions to Laplace’s equation are “as flat as possible,” and that
the value at each point is the average of the values around it. Therefore by discretizing
the domain and iteratively setting each point to be the average of its four neighbors, we
approach the exact solution. Plugging in the size and shape of our needles, the results of
this simulation are in figure 2.

With a complete description of the electric field, the final thing to model is the forces on
an individual sphere. Before being pulled off, it is subject to both adhesive and electrostatic
forces. The electrostatic force is equal to the product of electric field and charge. If the
needle is at voltage V0, the sphere is as well (how valid this approximation is depends on the
sphere used, and will be discussed shortly). This manifests itself as a charge q distributed
evenly on the surface, given by

(4) q = 4πε0RV0

The electric field is determined from the simulation, but for the sake of clarity note that
it will be on the order of V0/L (this is the exact solution for the electric field between
two infinite parallel plates separated by L and at potential difference V0). Therefore I will

write the electric field as E =
cV0

L
Where c is some constant that depends on the geometry.

For this particular needle size, I found c to be just under 4 (a significant enhancement).
Therefore, the force pulling a sphere off the needle is:

(5) F =
4πcε0RV 2

0

L

Plugging in a reasonable separation of L = 1.0 mm and a maximum voltage V0 = 5 kV,
this force is approximately 2.8R. The fact that the force is linear in R is promising- it
means it will not drop off too quickly as we move to smaller spheres.

On the other hand, we have adhesion forces. For this type of particle the only forces
are electrical, capillary, and Van der Waals. The high voltages we apply when pulsing
completely overpower any stray charge initially on the spheres, so electrical forces are
accounted for. Capillary forces occur when an attractive meniscus forms between the
sphere and substrate, but because we work at medium to high vacuum, we initially believed
capillary forces would be negligible. This leaves Van der Waals, a well understood force.
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Figure 2. A contour plot of the voltage between two needles with an applied potential
difference. Each curve is a line of equipotential, going from 0 (black) to V0 (dark red) in
50 evenly spaced steps. The field lines are more tightly packed around the needle tips,
indicating a stronger electric field.

The Van der Waals force between a perfect sphere and an infinite plane is an exactly solved
problem, given by:

(6) F sph
vdW =

AabR

210/3z2
0
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Figure 3. A plot of the Van der Waals adhesion force (in Newtons) as experienced
by a R = 2.5 µm polystyrene particle with a semi-circular asperity of radius rasp. rasp

varies from 0 to 20nm along the x-axis. The Van der Waals force is a result of short-
range attraction between fluctuating dipoles, therefore it depends very strongly on the
separation between the particle and substrate. Takeuchi’s prediction is matched for a
theoretical asperity of size 0.6nm. The asperities on our spheres come mainly from the
polystyrene chain terminating carboxyl groups, which should be on the order of 1nm.

Aab is known as the Hamaker constant; it is typically on the order of 10−19 J for in-
teractions across a vacuum. z0 is the separation between the two bodies, generally taken
to be 0.4 nm.[6] Plugging in these values, the Van der Waals force is a measly 0.06R. Of
course the spheres are not perfect- the polystyrene chain-terminated carboxylate groups
jut out as asperities. Modeling an asperity as a half-sphere of radius rasp, the Van der
Waals force due to the asperity F asp

vdW can also be solved for.[6] For my model, I considered
a distribution of spheres with randomly generated asperities, and took the total contact
force to be F asp

vdW + F sph
vdW .

Takeuchi has done extensive studies on the adhesion forces affecting toner particles. The
experiment he did that most nearly mimics our setup was on lightly charged particles with
R = 2.5 µm. He found the average adhesion force is 4 · 10−8 N.[7] For comparison, figure 3
shows the theoretical adhesion force as given by (6) plus the force due to some asperity.
Note that Takeuchi’s results are predicted for a particle with a very modest asperity, giving
me confidence in the model.

The behavior of any individual sphere is now completely determined by solving Newton’s
law, a second order differential equation. I had MatLab numerically approximate the
behavior of spheres of radius R = 250 nm. The results are shown in figure 4. The spheres
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are all removed at voltages far below 5 kV, and fly across the gap very rapidly. They also
remain almost entirely with 0.5 mm of each other. These results suggest that electrostatic
ejection is worth trying.

4. Ejection Tests

The results of the model were promising, but the proof is in the experiment. We began
with polystyrene spheres, available from Thermo Scientific, because of their uniformity and
monodispersity. The coefficient of variation in diameter is less than 2%, and they are avail-
able in sizes as small as 20 nm. Additionally they can be purchased deuterated, making
them possible targets for fusion experiments. However polystyrene is an insulator, and a
quick calculation shows it has an appreciable charging time. Therefore it is not surprising
that when we deposited them onto a needle and pulsed to high voltage, the spheres were
unaffected.

In order to get the charge onto the spheres we employed a sputter coater, a machine that
coats the sample in a thin layer of gold. One is typically employed to give a macroscopic ob-
ject a conducting layer, making it possible to image in an SEM. We tried depositing spheres
on a substrate and then sputter coating the whole thing, in the hope that a conducting
bridge would be formed between the substrate and a shell of gold around each sphere. A
calculation of the resistance shows that even for a 1 nm shell of gold, the charging time is
on the order of femtoseconds. This means the voltage on the sphere would be essentially
equal to that on the substrate, and equation (4) is valid. Of course, this assumes a gold
shell really did form all around the particles

Over the course of several weeks we conducted trials with polystyrene, sputter coated
polystyrene, and pure gold spheres. The gold particles came from Nanopartz. They are
much less uniform than the polystyrene, and the largest size them come in is 200 nm di-
ameter, however they are known to be completely conducting. For the substrate we used
needles, slides coated in Indium Tin Oxide (ITO- a conducting layer), glass slides that had
been sputter coated, and silicon slides. The silicon is not as good a conductor as ITO or
needles, but it images very well under an SEM. To deposit the spheres we diluted the basic
solutions in ethanol (experimenting with different ratios), and dropped this new solution
directly onto the substrate. We also experimented with different iterations of dropping,
sputter coating, and transferring spheres in order to get a layer of gold completely encap-
sulating each particle.

Not once did we observe any evidence of sphere ejection.

5. Mechanical ejection

Concurrent with electrostatic ejection, we also attempted to remove the spheres by de-
livering a large, mechanical shock. The advantage of mechanical methods is that they
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Figure 4. Two plots representing the behavior of electrostatically ejected spheres.
The spheres have radius R = 250 nm, and the pulse rises linearly from 0 to 5 kV over
a timespan of 10 µs. The x-axis on both plots is time (in seconds) and the y-axis is a
length (in meters). The top plot depicts the center of mass of the spheres in blue. The
red and green lines provide an envelope of plus or minus one standard deviation. The
bottom plot just displays the standard deviation of the positions of all the spheres. We
see the first spheres are ejected after only 1 µs (when the voltage is around 500 V), by
4 µs they are concentrated in the middle, and after 6 µs every sphere is across the gap.
For smaller spheres, the timescale would be even shorter
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produce constant acceleration. By Newton’s law the applied force is equal to mass times
acceleration. Since the mass of a sphere is proportional to R3, the force is as well. This
makes mechanical methods useless for very small particles, but viable for larger ones.

Specifically, we attempted to accelerate the spheres using a piezoelectric disc. A piezo
is formed by taking a special crystal, heating it to high temperatures, applying a strong
external field, and maintaining the field as the crystal cools. This causes all the internal
dipoles to lock into one orientation, and the crystal henceforth flexes under an applied
electric field. If the applied voltage is an alternating current with angular frequency ω,
the crystal also vibrates with frequency ω.[8] The maximum acceleration on the face of the
disc is therefore a = Aω2, where A is the amplitude of the oscillation. If ρ is the density
of the spheres, the overall maximum force is therefore

(7) Fp = Aω2 4
3
πR3ρ

We used discs from American Piezo with resonant frequency ω ≈ 2π · 1.6 · 106Hz. Off
resonance the amplitude of oscillation is on the order of 100 nm, but at resonance it can be
as much as 10 µm at the center of the disc. For polystyrene spheres, equation (7) simplifies
to

(8) Fp ≈ 4.3 · 1012 ·R3

For a 5 µm diameter sphere, this mechanical force bests the electrostatic ejection by a
factor of 10. Additionally, while the validity of the electrostatic model depends on sputter
coating and perfect pulser performance, the mechanical method is simple and requires no
great leaps of faith.

Once again we failed to see any evidence of particle ejection, even for the laregst spheres.

6. Dry deposition

At this point we were very worried, and figured there must be some large flaw in our
model of the contact forces. The Van der Waals and electrical forces are well understood
and our predictions matched with the results of Takeuchi, but he was using dry toner par-
ticles. We had always assumed the capillary forces were negligible in vacuum, but decided
to reconsider this assumption.

It is known that when a particle from solution dries on a surface or a dry particle is
deposited in a humid environment, a small meniscus of water forms between the substrate
and the particle. This meniscus rises from the substrate to meet the particle at some angle
θ from the vertical. It has a radius of curvature r, where r is negative. See figure 5 for a
diagram. A meniscus exerts an attractive force on the sphere, due primarily to the surface
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tension of the liquid γ. The most interesting result is that as the meniscus disappears
(θ → 0) the force does not go to 0. Instead, it approaches a constant.[9]

(9) Fm → 4πγR

Figure 5. A profile view of a sphere
of radius R sitting on a plane. A small
meniscus of radius r (where r is nega-
tive because the curvature is concave)
rises up to meet the sphere at an angle
of θ from the vertical. This figure is
adapted from [10].

Plugging in the surface tension for
water at room temperature, this force
is approximately Fm = 0.9R. It
is linear in R, and not insignificant
when compared to the other forces
discussed so far. This theory only
breaks down when the meniscus be-
comes so small that the liquid can no
longer be approximated as a continuum,
and individual molecules must be dis-
cussed.

The vapor pressure of water is gen-
erally 23 Torr, so at high vacuum we
would expect the meniscus to evaporate
entirely. However, the Kelvin equation
predicts that the vapor pressure changes
as a liquid interface bends into a radius
of curvature r. If p∞ is the nominal va-
por pressure, T is the temperature, Rg

is the gas constant, and Vm is the mo-
lar volume of the liquid, then the actual
vapor pressure p is given by the Kelvin equation.[10]

(10) log
p

p∞
=

2γVm

rRgT

This equation predicts that a meniscus (which has a negative radius of curvature) will
result in a decreased vapor pressure. If the meniscus is of radius 0.34 nm, the vapor pressure
is drastically lowered to 1 Torr. To bring the vapor pressure down to 10−4 Torr (around
the level of the vacuum we create) requires a meniscus of radius 0.087 nm. At first glance
we appear to be safe. This radius is on the order of an individual water molecule, meaning
equation (9) has broken down and there is no capillary force. However, two published re-
sults imply that this is not the case. In a thorough study of fine particle adhesion, Ranade
found that baking a sample at high temperatures for upwards of 24 hours did not reduce
the adhesion forces at all.[11] More to the point, Hecht has the following to say about
particles in solution.[13]
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“It seems that once wet particles are allowed to dry on a surface, they are
almost impossible to remove. Apparently the small liquid bridge dries into a
crystalline structure with such strong adhesion to both the particle and the
surface that only immersion back into the liquid can remove the particle.”

Our spheres come with a small amount of surfactant to prevent clumping, and other
impurities are bound to get into the solution. These results imply that water crystallizes
around each impurity, forming countless tiny adhesive bridges that cannot be evaporated
away. Ejecting the spheres as they are currently deposited may therefore be impossible.

The only way to salvage electrostatic and mechanical ejection methods was to come up
with a deposition method involving absolutely no liquid, however the spheres are initially
in solution. Therefore we need to somehow dry them out in transit to the collection slide.
Luckily, a former student’s work involved a very similar process.

When a piezo is placed at the bottom of a large water bath and driven, it is known
that micron-scale droplets are pinched off from the bulk of the fluid. The diameter of
these droplets is related to the driving frequency of the piezo as ω−2/3. Using our 1.6 MHz
piezos in room temperature water, the droplets produced are around 1.5 µm. Ian Wright,
a former student with my advisor, did this with a small amount of chitosan mixed into the
water. He then used a pump to force the atomized droplets through a copper pipe that was
heated to high temperatures, and finally through a column of desiccating crystals. This
evaporates the water, leaving a small ball of chitosan. He placed a collecting silicon slide
at the end, and found a very sparse layer of chitosan nanospheres had been deposited.[12]

We adapted this method by dropping some sphere solution in the water. Hopefully
some drops will form with nanoparticles at the center, and the water will evaporate as the
particles travel through the heating pipe. In addition to the heating pipe, we also tried
to evaporate the water using vacuum. We connected the piezo atomization chamber to a
valve into the vacuum chamber, and pumped the chamber down to rough vacuum. The
valve was opened briefly to suck up the microdroplets, reminiscent of the work done in [3].
The water should evaporate as the droplets travel through vacuum (vapor pressure changes
as given by equation (10) are not detrimental for a positively curved drop of water), and
we placed a collection slide by the pump outlet to catch the now bare droplets.

Over multiple trials, we discovered that ITO slides get very dirty on the nanometer scale,
and are difficult to clean. Silicon, however, can be easily cleaned in an aqua regia bath and
images very nicely. The atomization process created droplets with encapsulated spheres,
and the water evaporated, but the moving air pushed everything around the edges of the
slide. As a result, we saw a few isolated clumps on the edge of the substrate, each with
thousands of spheres. This held true for both polystyrene and gold particles. In order to
better streamline the flow of air, we tried using a metal mesh for a substrate. No spheres
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were observed to adhere, even when the mesh was held at positive voltage.

With dry deposition not producing a nice monolayer and time running short we decided
to move onto laser cleaning. However, dry deposition may still be successful if we use a
mesh with holes that are only slightly larger than the spheres.

7. Laser Cleaning

In the semiconductor industry, the standard method of cleaning 100 nm-scale contami-
nant particles from surfaces (generally silicon) is to use a fast laser pulse.[14][15][16][17][18][19]
The beam is focused down onto the substrate to be cleaned, causing large amounts of en-
ergy to be deposited into the substrate very rapidly. This energy takes the form of heat,
causing the substrate to expand and imparting an acceleration to the particles. In addition
to this purely mechanical force, the light is known to be strongly enhanced around each
wavelength-scale particle, which may cause an explosive boiling of any meniscus present.
Not only does laser cleaning remove our meniscus problem, but this boiling may even pro-
vide an additional detachment force.

In studying laser cleaning for the semiconductor industry, not damaging the substrate is
of paramount importance. Therefore, many studies utilize hundreds or thousands of shots
in quick succession, each with a low energy. On the other hand they have no interest in
observing the removed particles, so a common technique is to douse the substrate in a
thin (1 µm) layer of water immediately before pulsing. This is known as steam cleaning,
as opposed to what we will do which is dry cleaning. It enhances the explosive boiling
mentioned above, and may also negate the crystallization as discussed by Hecht. We need
to remove most of the particles with one shot and observe their path, yet have no qualms
about damaging the substrate.

Experiments have been done on polystyrene, silica, gold, and Al2O3 particles. All could
be removed by steam cleaning if multiple shots were allowed. The minimum laser fluence
(energy per unit area) required varied from the order of 100 mJ/cm2 to several Joules per
square centimeter. Dry cleaning has been found to be generally viable, but less efficient.
There is an exception- Zapka & Ziemlich found that 0.2 µm gold particles could not be
ejected, and instead started to melt around 5 J/cm2. The effected removal area tended to
be at most 1 mm2. Finally, one group did a study of the paths of the ejected particles.[20]
They found the dry cleaned particles are ejected in a Gaussian distribution, with most
going out within ±20◦ of the incident beam. They also found that smoother surfaces pro-
duced tighter ejection profiles. This is promising, as it implies the particles will be ejected
compactly and can be addressed with a single ultrafast pulse.

In order to replicate these results, we will use a Spectra-Physics Evolution-X pump
beam, which is traditionally used to amplify an ultrafast pulse. It produces 527 nm light,
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in pulses of up to E = 10 mJ and as short as τ = 10 ns. With a nominal beam diameter of
D = 3 mm, the maximum fluence is initially 140 mJ/cm2, and the intensity is 14 MW/cm2.
This is the beam as it exits the laser cavity. Using a convex lens of focal length f , we can
focus the radius of the beam down to some w0 given by:

(11) w0 =
fλ

Dπ

Because we want to be able to fine tune our spot size, we chose a long focusing lens with
f = 40 cm. This gives a minimum beam diameter of 44.73µm. At this size the maximum
fluence has increased to 630 J/cm2, and the intensity can be as high as 63 MW/cm2.
Using a smaller focusing lens we could make the spot size even smaller and increase these
values, but that should not be necessary. We are already achieving fluences many orders of
magnitude larger than anything found in any laser cleaning paper. In order to accurately
determine the size of the beam when it hits the substrate, a CCD camera is necessary. In
the interest of time and because this is a proof of concept experiment, we would like to be
able to approximate the position of best focus. From Gaussian optics, we know that once
a beam reaches its minimum radius w0 the distance over which is grows to a size of w0

√
2

is called the “Rayleigh length”, zr.

(12) zr =
πw2

0

λ

For our beam and a 40 cm focusing lens, this comes out to 3.0 mm. Therefore, we have
a ±3 mm margin of error over which we can place our sample and still receive at least one
half of the maximum possible fluence. This is an acceptable error.

The theory of dry laser cleaning is as follows. Consider a laser pulse of fluence F normally
incident on a substrate. Let the substrate have reflectivity R, density ρ and specific heat
C, and the laser penetrate to a thermal diffusion length µ. According to [16] we can equate
the energy absorbed to a change in temperature ∆T and find

(13) ρC∆T =
(1−R)F

µ

Let this change in temperature cause a linear expansion of the surface, H. Assuming H
is small:

(14) H = αµ∆T

Where α is the coefficient of thermal expansion. Combining these two equations we get
a final expression for the expansion

(15) H =
(1−R)Fα

ρC
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This implies that in order to make the most of the method, we want a substrate with
high absorbance. On the other hand, we do not want the particles to absorb any radiation.
This would cause them to thermally expand and warp, but we want the ultrafast pulse to
interact with perfect spheres. Glass and ITO slides are ruled out as substrates because
they are transparent, but silicon is very absorbing in the visible band. A 600 µm plate of
silicon will reflect 37.6% of incident 525 nm light and absorb the rest.[21] In addition to
the fact that silicon images very well under an SEM, this makes it the obvious choice for
a substrate. As for the particle, the results of Zapka & Ziemlich rule out gold- it will melt
under the laser pulse. Polystyrene, on the other hand, has an absorption coefficient of es-
sentially 0 at this wavelength.[22] Therefore, we will take a diluted solution of polystyrene
spheres in ethanol and drop it onto silicon wafers.

The first task is to show that dry laser cleaning is actually possible, and determine what
power to set the laser at. More power should remove more spheres, but also result in worse
damage to the substrate. At a certain point we may begin ablating the silicon, sending
debris into the air along with the nanoparticles. This would make our ejection worthless.
We diluted 500 nm polystyrene spheres at a ratio of 1000:1, and put a single drop on a 1
cm2 silicon slide. The spheres dried very unevenly. Figure 6 displays SEM pictures of two
portions of the slide at 1000x magnification. On one part of the slide we see ideal, disperse,
barely clumped coverage. On the other the spheres are highly clumped and layered, mak-
ing them difficult to image. In the middle of this image there is a spot of missing spheres,
from where we pulsed the laser with 0.19 mJ. This was the lowest energy for which we
observed particle removal. From this picture I estimate the diameter of our beam to be
about 55µm. Therefore, the fluence delivered was about 8J/cm2.

The more energy we put into the pulsed beam, the larger the cleared area was in general.
This implies the impact is sending out a shockwave, removing spheres far outside the
immediate impact area. This is promising, as spheres ejected in this fashion can not have
been melted or otherwise damaged by the laser. For our most powerful shot (2.88 mJ, 121
J/cm2), the cleaned area had a diameter of around 400 µm. While heavily covered areas
(such as in figure 7(a)) tended to be thoroughly cleaned, we were not so successful in the
less sparsely populated areas. Additionally, we found that the cleaning tended to be most
striking far away from the impact site, and there would be a hard boundary between where
the spheres were removed and where they remained. This is counter-intuitive, and we
have no explanation for why it might be occurring. Finally, at higher energies we observed
significant damage to the silicon. This zone of significant damage was as large as 200 µm
for the highest energy shots. The lowest energy that produced noticeable damage was 1.38
mJ, corresponding to 58 J/cm2, although invisible damage was probably occurring at lower
fluences. Some representative images are shown in figure 7. At the lowest energies there
is no sphere removal or substrate damage. At the highest energy there are thousands of
spheres removed over a large area, and massive damage is done to the substrate. We have
a very high degree of control between these two extremes.
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(a) This is the type of monodisperse, non-
clumped sphere coverage we hope to achieve.
There are some isolated large clumps, but they
are generally not a problem. From this im-
age I estimate the sphere coverage (excluding
the enormous clumps) to be on the order of
100,000 spheres per mm2.

(b) In this picture the spheres are much more
clumped and layered above each other, mak-
ing them difficult to image. The spot in the
center is the result of a 0.19 mJ laser pulse:
the lowest energy pulse for which we observed
sphere removal. Based on this spot, I esti-
mate the size of our laser beam at impact to
be around 55 µm. I will use this size to esti-
mate the fluence in subsequent shots.

Figure 6. Two SEM images of a silicon slide with one drop of 1:1000 500nm
polystyrene spheres to ethanol deposited and allowed to dry. As you can see, the re-
sulting density is far from uniform. Figure (a) also shows the results of a low power laser
shot.

8. Conclusions

Despite their theoretical promise, electrostatic and mechanical ejection both proved fruit-
less. In the field of fine particle adhesion, it is widely believed that Van der Waals forces
dominate on the micro and nano scale, but we have come to believe this is not the case.
The only thing that can explain the tenacity of these spheres is a persistent meniscus,
caused by crystallization around impurities in the solution.

Laser cleaning, however, has been demonstrated to removed 500 nm spheres very effec-
tively. The work done by Lu et. al. implies that most of the spheres are ejected directly
back along the incident laser beam, making this a promising device for studying ultrafast
non-linear phenomena in wavelength scale particles. In order to make this a completely
functional method, the speed and profile of the ejected particles must be characterized. Our
current plan is to pass a continuous laser beam parallel to the substrate and observe the
ensuing Mie scattering off the ejected particles. Work has already begun in this endeavor,
and will continue into the next semester.
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(a) A pulse with 0.41 mJ, or 17 J/cm2. The
cleaned area has a diameter of roughly 200
µm, and substrate damage is low or non-
existent (the white streaks in the center may
or may not be a result of the laser). The clean-
ing is total at the center of the beam and less
effective around the edges, as expected.

(b) A pulse with 1.17 mJ, or 49 J/cm2. The
spot size has grown to about 300 µm, yet the
cleaning is not as efficient, despite this pulse
having more energy than the one in figure(a).
We repeatedly observed that less thoroughly
covered areas did not clean as well, and we do
not know why. The cleaning is least efficient
right as the center, but there is an outer an-
nulus in which all the spheres were removed.
We do not know why this is.

(c) A pulse with 2.72 mJ, or 115 J/cm2. The
cleaning is nearly total over a 400 µm spot
size, and there is a 150 µm spot on which the
substrate is heavily damaged.

Figure 7. A silicon wafer was coated in 500nm polystyrene spheres and pulsed once
each at 33 locations with energies ranging from 0.01 mJ to 2.88 mJ. The results of three
of these pulses are shown above; this is meant to be representative of the wide range of
behavior observed.
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