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With ablative laser propulsion, a laser is fired at a solid material. This mate-
rial is converted to plasma and ejected from the material, generating thrust. This
technology can be used to deflect an asteroid off of an Earth-impacting trajectory.
Since the asteroid itself is used as the propellant, no additional propellant is needed
for the deflection maneuver. Although laser propulsion has been proposed as a
promising technology for asteroid mitigation in the literature, there has been rela-
tively little experimental research on this application, specifically on ablation using
pulsed lasers. In this thesis, ablative laser propulsion of asteroid analog materials
using a pulsed laser is studied. A 1064 nm laser is used, with a 0.7 ns pulse width,
827 uJ per pulse, 40 kHz pulse repetition frequency, and 33 W average power. A
time-of-flight mass spectrometer is used to characterize the plasma plume resulting
from ablation of pyroxene rock. A 2D distribution of the ions is found as a function
of speed and mass to charge ratio. From this, the specific impulse of the positive

ions is found. The force over 500 ms of ablation is measured directly using a load



cell. Force measurements are conducted on aluminum, pyroxene, and high-fidelity
simulants for CM, CR, and CI meteorites. The momentum coupling coefficient for
the asteroid analogs was found to be several times greater than for aluminum. These
samples are also weighed before and after ablation to determine the mass removal
rate. The measured momentum coupling coefficient and mass removal rate are used
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particles. Ablative laser propulsion was compared to a Hall thruster as an example
electric propulsion technology. For a total thrust time greater than six months,
laser ablation traded favorably, benefiting from not needing propellant aboard the

spacecraft for the deflection maneuver.
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Chapter 1: Introduction

1.1 Overview and Motivation

Asteroids pose a risk to Earth, with even a relatively small asteroid (> 10 m
diameter) containing sufficient energy to cause local devastation. Fortunately, if an
asteroid on an Earth-impacting trajectory is detected with sufficient lead time, a
small change to its orbital velocity ( ~1-10 cm/s) is sufficient to nudge the asteroid
away from hitting Earth.

Ablative laser propulsion (ALP) is a promising technology for asteroid miti-
gation. With this technology, a laser is fired at a small spot on the asteroid. This
converts the asteroid material from a solid directly to a plasma. The plasma plume
is ejected from the asteroid, generating thrust. Since material from the asteroid
itself is used as propellant, additional propellant is not needed for the deflection
maneuver.

Despite the promise of ALP for asteroid mitigation, there has been relatively
little experimental research in the literature on ALP of asteroid materials. The
research which has been conducted typically uses continuous wave (CW) lasers, and
analyzes only the ions in the ablation plume. With CW lasers, the laser heats and

vaporizes the asteroid material, as opposed to ablating the material. For pulsed laser



ablation, the momentum-coupling-coefficient C,,, (thrust-per-power) is dependent on
the laser pulse width, fluence ® (energy/laser spot area), and material properties
of the target to be ablated. Using a pulsed laser delivers significantly higher peak
laser intensity (power/area), and may have higher performance. Measuring the force
directly is the most reliable method of determining propulsion parameters for ALP.

In this thesis, a 1064 nm laser is used, with a 0.7 ns pulse width, 40 kHz pulse
repetition frequency, and 33 W average laser power. Pyroxene is ablated, and a time-
of-flight mass spectrometer (TOF-MS) is used to characterize the two-dimensional
distribution of the plasma ions as a function of both velocity and mass-per-charge.
A deci-Newton load cell is also used to measure the force vs. time over 500 ms of
ablation. In addition to pyroxene and aluminum, high-fidelity asteroid simulants
are ablated for the direct force measurements, adding confidence that the results

will be representative to real-world applications.

1.2 Outline of Dissertation

e In chapter 2, the background of ALP is discussed, including a literature review.

e In chapter 3, the design of a custom-built time-of-flight mass spectrometer
(TOF-MS) is introduced. Using this design, the two-dimensional distribution
of the ablation plasma as a function of both velocity and mass-per-charge can

be found.

e In chapter 4, the TOF-MS hardware is tested. An ionic liquid ion source

generates particles of known energy-per-charge, and is used to validate that



1.3

the TOF-MS design works as expected.

In chapter 5, the TOF-MS is used to analyze the plasma plume resulting from
pulsed laser ablation of pyroxene rock, a material common in asteroids. From

this, the specific impulse of the ions in the ablation plume is found.

In chapter 6, a load cell is used to measure the force due to ablation on several
asteroid analog materials. This has the benefit of analyzing the entire ablation
plume at once, rather than just the high-energy ions as is done by the TOF-
MS. The mass flow rate is also measured, and the overall specific impulse is

calculated. This is compared to the specific impulse of the high-energy ions.

In chapter 7, the force measurements from the previous chapter are used for
several high-level trade studies. The required force and thrust time needed
to deflect an asteroid off of an Earth-impacting trajectory are calculated. In
addition, the performance for asteroid mitigation of ALP is compared to a

Hall thruster, which is a more traditional electric propulsion technology.

Contributions

A summary of the contributions of this dissertation are as follows:

. A time-of-flight mass spectrometer (TOF-MS) has been designed, fab-

ricated, and validated. This spectrometer is capable of characterizing a two-
dimensional distribution of ablation plasma as a function of velocity and mass-

per-charge.



2. The ions generated from pulsed laser ablation of pyroxene are analyzed
using the TOF-MS to get the two-dimensional distribution. The average par-
ticle speed, weighted by the mass-per-charge, is calculated to find the specific

impulse of the ions.

3. Force due to ablation of asteroid analogs, including high-fidelity simu-
lants, is measured. A load cell is used to measure the force over 500 ms. This
is used in conjunction with the measured mass removal rate to calculate
the overall specific impulse of the ablation plume. This is then compared to

the specific impulse of the high-energy ions found using the TOF-MS.



Chapter 2: Background and Literature Review

2.1 Asteroid Threat

Asteroids impact Earth on a daily basis. Most are small enough to either
burn up in the atmosphere, or are as small as dust and slowly fall to the surface [1].
However, in Earth’s history, larger asteroids are credited with local damage up to
extinction-level events. Craters on the lunar surface, which are undisturbed by
atmosphere or geological activity, also reveal the frequency of impact events. The
cumulative distribution of the number of asteroids N as a function of the asteroid
diameter D follows a power law, where N(> D) oc D~1% [2]. This means that
larger asteroids impact Earth less frequently than smaller asteroids.

Even so, such large impacts have occurred in Earth’s history. The Chicxulub
asteroid had an estimated diameter of 5-81 km [3], roughly the size of New York
City. This impacted Earth ~65.5 million years ago, leading to a mass extinction
event and the end of the dinosaurs [4]. More recently, Tunguska Russia was hit
in 1908 with a ~30 m asteroid, destroying 2000 km? of forested area. In 2013,
Russia was again hit. The 17 m meteor detonated over Chelyabinsk [1], with energy
more than 30x the Little Boy atomic bomb dropped on Hiroshima. Fortunately,

the meteor entered Earth’s atmosphere at a shallow angle, otherwise it could have



caused significantly more damage. This size asteroid is estimated to impact Earth
at an average rate of once every 150 years or so. This shows that it is not a question
of if a meteor will strike Earth again, but when, and what can be done about the
threat.

One way of quantifying the risk of an impact event is with the Torino Scale.
This categorizes risk on an integer scale from 0 to 10, with 10 being the highest
risk (certain collision and global impact) [5]. Note that the Chelyabinsk impact is
considered category 0 on this scale, despite the relatively large damage that could
have been done. The Torino Scale is easy to understand, and intended for commu-
nication with the public. For communication within the scientific community, the
Palermo Technical Impact Hazard Scale is commonly used [6]. This is a logarithmic
scale, which is a function of the asteroid’s kinetic energy, impact probability, and
time until impact.

Advanced detection is required in order to respond to an impending aster-
oid impact. A near-Earth object (NEO) is any object (asteroid or comet) with a
perihelion distance of less than 1.3 AU. Larger asteroids have a smaller absolute
magnitude, making them easier to detect. In 2007, NASA set a goal of identifying
all Potentially Hazardous Objects (PHOs), which are NEOs greater than 140 m in
diameter, and whose minimum orbit intersection distance (MOID) with Earth is
less than 0.05 AU [7].

Most of the asteroid discoveries have been made with ground based telescopes
[8]. It is estimated that almost all NEOS with >1 km diameter have already been

detected [9]. Once the 140 m goal is met, then most of the asteroids capable of



causing global or regional damage will be identified. However, this still leaves a gap
of asteroids large enough to cause local damage (city scale), but small enough to be
difficult to detect. Space based telescope could help close this gap. The Near-Earth
Object Camera (NEOCam) is proposed to be stationed at the L1 Lagrange Point,
allowing for a stable and cold environment, and can detect asteroids as small as 10
m in diameter [10].

According to the Center for Near Earth object Studies database as of January
2019, there are only three known asteroids with an absolute magnitude < 20 (di-
ameter > ~300 m), with a nominal close approach to Earth closer than the lunar
distance between the Earth and the moon (LD) before 2200 CE. Asteroid 99942
Apophis has the closest approach at 0.1 AU. This asteroid briefly set the record for
the largest Torino scale rating of 4 for a potential impact in 2029 [11]. There was
also the possibility of a 2036 impact. However, by 2013, both of these possible im-
pact events have been ruled out [12]. With this ruled out, the chance of an asteroid

impact large enough to cause global damage in the near future is low.

2.2 Asteroid Mitigation Techniques

The impulse required to deflect an asteroid off of an Earth impact is most
strongly dependent on the asteroid mass (m), and the time (¢) between when the
impulse is applied and the close approach. Consider an instantaneous impulse ap-
plied at time ¢. For the simplest approximation, the change in velocity (Av) required

to deflect an asteroid by 1 Earth radius (Rg) is



Ap 2 Rg _ 20 cm s

t t [years] (2.1)

This highlights the importance of detecting an impending impact, and apply-
ing a deflection maneuver, as early as possible, to reduce the required Av. Applying
the Av along the velocity vector of the asteroid has the added benefit of changing

the period. This amplifies the total deflection by a factor of three [13], so

AU%REIB,\,?C?"S_I

3t Tt [years] (22)

The total impulse required is mAwv. For a spherical asteroid of constant density,
the asteroid mass is proportional to the radius cubed.

Equation 2.2 provides a simple approximation, which is useful for preliminary
mission planning and general analysis. Multiple studies in the literature have been
conducted using high fidelity calculations of the required Av. [14] minimized the
required Aw for several asteroid orbit cases, modeled as an Earth-Sun 2-body prob-
lem. They found that the minimum Awv does not decrease monotonically with ¢,
and has local minima when applied at perihelion. In [15], this work was built on
to develop a mission design for several fictitious Earth-threatening asteroids. This
analysis considered Earth perturbations and non-zero inclination orbits. [16] studied
the problem of optimum control of asteroid deflection maneuvers, and considered
both impulsive and continuous (i.e. low-thrust) deflection.

When an asteroid has a close approach with Earth, it may have a resonant

return, where there will be another close approach years later due to orbital reso-



nance. In addition, there may be a keyhole, which is “a narrow linear slice of the
uncertainty ellipse where the encounter can perturb the object onto a trajectory
which returns for a later close approach” [17]. Since it cannot be predicted a-priori
if an asteroid will fly through a keyhole, this can be a cause for concern. However,
the Av required to deflect an asteroid away from a keyhole can be significantly less
than what is required to deflect by Rgy.

Once an asteroid on an Earth impacting trajectory is detected, it will still
take a significant amount of time before a Av maneuver can be applied. First,
a spacecraft must be designed and launched, a process which typically takes at
least 4 years. If the asteroid mitigation technology selected is at a low Technology
Readiness Level (TRL), the development and testing of that technology can add to
the total development time. If time permits, a precursor mission to the asteroid
will be desired, to get a better understanding of the material properties, mass,
shape, and orbit of the asteroid. Finally, the spacecraft must travel to the asteroid,
which can take several years depending on the trajectory. Therefore, with current
technology, we can assume a minimum of 5 years before the deflection maneuver can
be applied. Depending on the risk of the asteroid, it is possible that the development
time can be expedited somewhat. Research and development of asteroid mitigation
technologies now, prior to the detection of an Earth threatening asteroid, will reduce
development time for a mitigation mission should the need arise. Ideally, a planetary
defense spacecraft can be assembled in advance, ready to be launched as needed, or
even forward deployed in Earth orbit.

Figure 2.1 shows the different mitigation technologies available based on the



warning time and the diameter of the asteroid. Asteroids smaller than ~10-25 m

diameter are likely to burn up during atmospheric entry.
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Figure 2.1: Asteroid mitigation technologies. Based on figures from [5,18,19].

For relatively small asteroids (~10-50 m), civil defense measures may be suf-

ficient. This includes warning the public, preparing evacuation, and constructing

shelters. Since this size asteroid is difficult to detect, there may only be days or

months of lead time, in which case civil defense is the only option. In addition, civil

defense will be an important component of any asteroid mitigation plan [18]. The

2015 Planetary Defense Conference included an exercise focusing on a hypothetical

asteroid impact scenario [20]. In this scenario, the uncertainty “risk corridor” starts

as a long narrow band, driven by in-track uncertainty. As more observations are

made, the uncertainty decreases, and the region likely to be effected becomes more

clear. In this scenario, civil defense would be able to minimize loss of life due to an
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impact event. Towns and cities along the risk corridor can be notified years in ad-
vance to begin making preparations and coordinate evacuation plans to neighboring
regions not on the risk corridor. In the weeks leading up to the impact, the impact
location will be fairly well-known, and the population can be evacuated.

For asteroids large enough to cause local devastation (~50-500 m), the prop-
erty damage from the asteroid, if it hits a city, can be multiple orders of magnitude
greater than the cost of an asteroid redirection mission. In this case, the risk of im-
pact must be traded with the cost and risk of a mitigation mission. Such a mission
must be planned years in advance of the possible impact, at a time when there is
still large uncertainty in the orbit. It likely will be unknown where on Earth the as-
teroid would impact, or if it is certain to impact at all. This may make it politically
challenging to determine who would be responsible for funding and implementing
such a mission. In addition, a failed redirection mission might deflect the asteroid
to hit a different part of the Earth. Depending on the mitigation technique, if the
asteroid is disrupted, there may still be several large chunks on a collision course,
possibly more challenging to deal with than the initial asteroid. If the decision is
made to pursue an active asteroid mitigation mission, there are several options to
consider.

With the kinetic impactor technique, a spacecraft intercepts the asteroid at
hyper-velocity speed, typically 10-30 km/s [21]. This imparts a significant amount
of energy to the asteroid. Depending on the energy, as well as the asteroid’s size
and material properties, this may deflect or disrupt the asteroid. If the asteroid
is disrupted, there is a risk that several large fragments may remain on a collision
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course with Earth. The kinetic impactor is the most technologically mature mitiga-
tion technology [7]. Kinetic warheads used for ballistic missile defense make use of
similar control algorithms. This was leveraged for the Deep Impact mission, where
a spacecraft impacted a comet, and the resulting impact crater and particle ejection
was measured [22]. An asteroid redirection mission will be more challenging, in part
because the asteroid will be a smaller target. The upcoming NASA Double Aster-
oid Redirection Test (DART) mission will be the first demonstration mission of an
asteroid mitigation technology. With this, the spacecraft will impact the smaller
asteroid of a binary pair. This will result in a change to the orbital period of the
pair, as well as a total Av, measurable from Earth based telescopes [23].

For the largest asteroids, especially if there is little warning time, nuclear
explosive devices (NEDs) are the most viable option. Even compared to kinetic
impactors, NEDs have by far the highest energy density. One way of applying
the energy is to have a standoff detonation, where the NED is detonated at some
distance away from the asteroid. This can be done without needing to rendezvous
with the asteroid, which would be required to place an NED on the surface. In
addition, the chance of large fragments hitting Earth as a result of this detonation
is relatively small [24]. The NASA report [7] assessed the standoff NED technique
to be 10-100x more effective than the non-nuclear techniques considered. However,
NEDs still have similar risks as kinetic impactors. It is difficult to predict the exact
Awv in advance, there is only one shot (per spacecraft), and the resulting fragments
may still pose a risk. In addition, NEDs face potential political challenges, both for
implementing as well as testing in advance, and for posing a safety hazard if there
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is a failure during launch.

One way to get energy comparable to an NED, without the safety or political
ramifications, is with the “billiard-shot” concept. With this, a small asteroid is
redirected to impact a larger asteroid. In [25], I conducted a hypothetical mission
design based on this idea. In this mission design, a 10 m asteroid is captured
and deflected using an ion engine onto a collision course with an Earth-threatening
asteroid. Chemical rockets are used in the terminal guidance maneuver. Such an
asteroid, impacting at 6 km/s, has a kinetic energy more than twice the yield of the
TRINITY nuclear test [26]. [27] proposed a similar concept, except using a 230 kW
laser to perform the deflection of a small 40 m asteroid to impact a larger asteroid.

If a sufficient lead time is available, and if the asteroid is not too large, low
thrust deflection techniques can be used. Since thrust is applied over a long period
of time, there is much more control of the trajectory compared to a single impact
or explosion. There is also no risk of disrupting the asteroid. Some methods involve
modifying the perturbing forces on the asteroid. For example, a portion of an aster-
oid can be painted to change its albedo, which amplifies the Yarkovsky effect [28].
Other techniques have an added benefit of not needing to directly contact an aster-
oid, simplifying operations. For example, a gravity tractor spacecraft is maintained
in a station-keeping orbit near an asteroid, and the gravitational attraction pulls the
asteroid towards the spacecraft. In the Asteroid Redirect Mission (ARM) (now can-
celed), the spacecraft first captures a boulder, dramatically increasing its mass and
therefore the gravitational force, before performing a gravity tractor maneuver [29].

For the ion-beam shepherd method, an ion beam is directed at the asteroid, thereby
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transferring momentum [30]. This requires the spacecraft to have a second thruster
applying an equal and opposite force, to maintain the spacecraft’s position.
Another contactless deflection technique is focused solar. For this, sunlight is
focused onto a spot on the surface of the asteroid. This heats up material on the spot,
causing it to vaporize. The vaporized material is ejected from the asteroid surface,
generating thrust. By using the asteroid material itself as propellant, the spacecraft
does not need to carry additional propellant for the deflection maneuver. Laser
propulsion using a continuous wave (CW) laser operates in a similar manner [31].
Solar panels can be used to power the laser, or the laser diode can be pumped
directly with sunlight. Nuclear power could also be used, allowing for a larger scale
laser. If a pulsed laser is used, the asteroid material is ablated, and the asteroid

material is converted directly from solid to plasma.

2.3 Ablative Laser Propulsion (ALP)

Ablative laser propulsion (ALP) is the process of removing material from the
surface of a solid or fluid using a pulsed laser to generate thrust. With ALP, a fast,
high-energy, and tightly focused pulse from the laser converts solid material directly
into a plasma jet. Virtually any solid material can be used as a propellant, making
laser ablation an ideal technology to be used for space propulsion.

Using continuous wave (CW) lasers, the laser is focused to a spot on a solid
target, and held there for long enough for the spot to melt and then vaporize. The

vapor is ejected from the solid, which imparts a small force on the solid. In a
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seminal paper [32], Kantrowitz proposed using pulsed laser ablation as a propulsion
mechanism, a concept feasible given the improvement in laser technology at the time.
When the laser pulse has sufficient fluence ® (energy/laser spot area), the laser-solid
interaction operates in a different mode. In this case, the solid spot is ablated and
converted directly to a plasma [33]. The plasma is ejected preferentially normal to
the surface of the solid [34], and generates thrust. Lasers with femtosecond pulse
width are achievable with modern technology [35].

Pulsed lasers have several advantages over CW lasers for thrust generation.
A pulsed laser does not need to be pointed at a single spot for an extended period
of time in order to generate thrust. In addition, individual pulses can be used for
precise station-keeping maneuvers. Less of the laser energy heats up the surrounding
solid, so there is less loss. For sub-nanosecond pulse times, the pulse duration is
faster than the characteristic time of heat transfer [36], further reducing heat loss.

Of pivotal interest for space propulsion is the momentum coupling coefficient
(Cy). Cpy is the thrust from ablation divided by the laser power. This can also be
thought as the impulse from ablation divided by the laser pulse energy. In general,
C,, is dependent on the material being ablated, the pulse width, the wavelength,
and the fluence [37]. For most systems, the fluence is easily modified, either by
changing the focal spot size or the laser power. The threshold fluence ®,.csp, is the
minimum fluence where plasma will be generated. The Sinko model predicts ), in
the plasma regime. Equation 14 from [38] is plotted in Figure 2.2, with the axes
normalized. The parameter C' for multiplicative energy losses from this equation is

set to 1 in the plot. C,, is optimized when ® ~ 4.2 - ®yp,.cqp.
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Figure 2.2: Sinko model for C,, from laser ablation in the plasma regime

Below ®y4,05n, ablation does not occur, and the material is instead vapor-
ized. [38] includes a model which joins the vapor and plasma regimes, and that
model is applicable over many orders of magnitude of fluence and pulse width. In-
creasing ® above the optimum adds extra energy to the plasma. This increases the
plasma plume’s specific impulse (I,), at a cost of decreasing C,,, since the two are
inversely proportional at constant efficiency. In many space propulsion applications,
propellant is limited, and this trade is desirable. For asteroid deflection and orbital
debris removal, however, the propellant mass is virtually limitless. This is because

the object being moved is serving as the propellant, and there is no need to conserve
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that propellant. The relation between C),, ®, and ablation efficiency 7 is discussed
in more detail in chapter 6.

The most commonly tested materials for ablation targets are elemental met-
als. With elemental metals, only ions of a single element are present in the plasma,
allowing for easier analysis of the fundamental physics taking place during the abla-
tion process [39]. There has also been extensive research into engineered polymers
designed for ablation propulsion [40]. The laser ablation efficiency 7 is defined as
the kinetic energy of the ablation plume, divided by the laser energy. Polymers have
been designed to include chemical energy which is released during ablation. With
this additional energy, n can exceed unity.

Several spacecraft and propulsion designs have been proposed which use laser
propulsion, spanning a wide range of power requirements. The lowest power ap-
plication of ALP is for station-keeping of a spacecraft in orbit. This benefits from
the small minimum impulse bit achievable from ALP when using a pulsed laser. A
prototype of a micro-thruster has been developed, where a thin layer of material
deposited on transparent tape is ablated using a ns-pulsed laser. The tape is on a
reel, allowing for a fresh ablation spot for each pulse. This has a variable I, from
200 to 3600s [41], and a minimum impulse bit of 4E-5 uN - s [42].

In a laser-electromagnetic hybrid thruster, the ablation plume is further ionized
and heated by an electrical discharge. The plume is then accelerated and directed
by electric and magnetic fields [43], and an I, of 7200 s has been demonstrated [44].

ALP can also be used for larger Av orbital maneuvers. One clear application

is orbital debris removal. A spacecraft can be sent to de-spin and de-orbit large
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orbital debris. Then, a small part of the satellite is broken off to use as propellant
to go to the next debris target [45]. Therefore, the spacecraft does not need to bring
additional propellant for these maneuvers.

In a laser-driven in-tube accelerator (LITA), a projectile (e.g. a small, sturdy
spacecraft), is accelerated in a launch tube via laser ablation of propellant either
on the projectile or in the launch tube [45,46]. Research has mainly focused on
achieving escape velocity on the ground, but it could also be used in space [46].
Another possibility is to accelerate a free-flying lightcraft to orbit using a ground-
based laser. For this method, either the air below the lightcraft can be heated to
produce a detonation wave [47], or material on the lightcraft can be ablated [48].

A feasibility study of a ground-based laser program ORION found that it would
be able to remove all small orbital debris (1-10cm) in 2 years of operation, for a total
cost of $100 million ($160 million in 2019 dollars) [49]. Recent research has looked
into using a similar design to also de-orbit large objects (>10 ¢cm), or move them to
graveyard orbits [50]. Ground-based lasers must propagate in the atmosphere, and
the nonlinearities associated with that provide their own challenges.

The Directed Energy System for Targeting of Asteroids and exploRation (DE-
STAR) is a proposed space-based laser. At its largest scale, this system would be
capable of completely evaporating a 500 m asteroid from 1 AU [51]. At smaller scales,
DE-STAR would operate similar to a space-based ORION concept for orbital debris
removal and asteroid mitigation. This system has also been proposed to propel
wafer scale spacecraft to Alpha Centauri with 20 years of flight time [52]. Similar
scale architectures have been proposed for space solar power. With these concepts,

18



solar power is collected with solar panels, and beamed to a collection point on Earth
via directed energy (laser or microwave) [53,54].

Multiple studies have been conducted for asteroid deflection missions using
lasers or solar concentrators [27,51,55-57|. For example, the Laser Bees concept
proposes using a small fleet of spacecraft, each equipped with a laser [58]. This has
the benefit of being scalable, since the available solar power, as well as the laser
size, may be limited for a single spacecraft. In addition, this concept has built-in
redundancy.

There has been relatively little experimental research on ALP of asteroids.
Gibbings uses a 90 W, 808 nm CW laser [59]. This was fired at olivine rock. The
ejecta plume was monitored with a high speed camera, as well as with a spectrometer
to infer the ablation plasma’s temperature and speed. In addition, material from
the plume was deposited on collection plates. This was analyzed to determine the
contamination rate of the ablation plume on spacecraft laser optics and solar panels,
as well as the plume’s angular spread.

Lubin’s laboratory has also conducted experiments on laser propulsion of as-
teroids. In [60], a 40 W, 808 nm CW laser is used. This was fired at basalt, and the
force was measured using a torsion balance. The same laboratory also measured the

mass ejection rate [51].
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2.4 Space Weathering

Although laser ablation propulsion experiments on asteroid materials is not
heavily researched, laser ablation is a common tool used in space weathering re-
search. Space weathering is the effect that the space environment has on objects in
space, such as planets, asteroids, and spacecraft. The largest contributors to space
weathering are solar wind, solar radiation, and micrometeorite bombardment [61].

In the seminal 1955 paper [62], Gold asked the question of why the moon has
two distinct surfaces: rocky surfaces and smooth darker surfaces. Gold posited that
the smoother surfaces may be composed of dust, where micrometer bombardment
caused erosion of the dust which caused it to be smoother, and mixing of the surface
with micrometeors or solar radiation darkened the smoother region.

Experimental tests of these hypotheses were made possible by the 1969 Apollo
11 and subsequent lunar sample return missions. Initial analysis of these samples
revealed that pulverized lunar rock has twice the albedo as lunar regolith of the same
size [63]. The regolith is also redder than the pulverized rock [64]. Following this
initial analysis, a significant number of experiments have been conducted testing the
effects of simulated space weathering on lunar and asteroid materials or analogs to
these materials [65-67].

For a typical sample preparation, rock is first ground with an agate mortar
and pestle [66]. The powder is then sieved to the desired to the desired diameter,
typically chosen between 2 pm [65] and 75 um [68]. In some cases, the powder is

tested loose. However, many experimenters find it convenient to press the powder
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into thin pellets with a 1 cm diameter. This has the advantage of being able to
easily mount the pellet in any orientation. However, this was found to decrease the
amount of reddening that occurs from space weathering [63], so it is not a perfect
analog.

One of the most commonly tested material is olivine [61, 65,69, 70]. Other
materials tested include lunar regolith simulant [61], SiO5 [65], and pyroxene [68].

A common experiment on the powder samples is simulated micrometeorite
bombardment. However, electrostatic dust accelerators require conductive materi-
als which would contaminate optical measurements of reddening, and also cannot
generate a sufficient amount of dust particles [68]. To simulate the effect of particle
bombardment, instead pulsed lasers with comparable energy to high velocity (10
km/s) dust particles are used. The pulse duration is on the order of 10 ns, which is
the same timescale that energy transfer from micrometeor bombardment occurs [68].
Techniques and lessons learned from space weathering experiments are applicable

to the design of experiments for ALP of asteroids.

2.5 Directed Energy Weapons

For any ALP architecture to be successful, a high energy laser is required.
For the laser to be deployed in space, it must be space-rated, vacuum compatible,
high efficiency, and low mass. Laser technology has been developing rapidly in
recent years, so ALP will be able to piggy-back on this development. One major

application for high-energy lasers is directed energy weapons (DEW). These weapons
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have similar requirements for low mass and high efficiency, so the technology will
transfer well to ALP.

Perhaps the first example of a directed energy weapon in history is Archimedes’
heat ray. A set of mirrors may have been used to focus the sun on Roman naval
ships during the siege of Syracuse in 212 BCE, setting them ablaze. The existence
and feasibility of this heat ray has been debated throughout history, with multiple
attempts to replicate the weapon [71].

DEW is a common trope in science fiction, which is where most of the public
is familiar with the concept. The Heat-Ray is a weapon in H.G. Wells’ The War of
the Worlds. Star Trek commonly uses DEWSs such as particle beams and phasers.
The most iconic DEW in science fiction is the Death Star in Star Wars. Although
previously relegated to legend and fiction, DEW is now developing into a viable
concept (albeit at a smaller scale than a Death Star).

The development of a DEW in modern history began with the development
of the RADAR in the 1930’s. Although RADAR uses directed energy to locate
and track objects, as opposed to causing damage, it is a similar concept [72]. The
full power of energy weapons was understood as a result of nuclear missile testing.
During tests in 1963, it was discovered that the electromagnetic pulse (EMP) from
a nuclear detonation can damage electrical components. Years later, it was realized
that such an EMP, if detonated in the high atmosphere, could shut down the United
States power grid, as well as communications [73].

Although DEW has faced some technical challenges during development since
this time, the advantages are clear. DEW provides near instantaneous transmission
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time. For missile defense, this is critical for applications such as destroying an
incoming missile during boost phase. The cost-per-shot of the LaWS DEW is less
than one dollar [74]. There is a virtually unlimited magazine, as the number of shots
is only limited by the power available. This would turn the tables on asymmetric
threats, such as a fleet of unmanned aerial vehicles, which would overwhelm current
defense technologies. Precision targeting and variable lethality significantly add to
the operational use of such weapons.

High energy laser weapons are a subset of DEWSs, and of particular interest to
this thesis. The Mid-Infrared Advanced Chemical Laser (MIRACL), first tested in
1980, was the first MW class continuous wave laser, designed for missile defense. In
1992, the Alpha laser demonstrated comparable power levels, but in a low-pressure
environment, demonstrating that it can be suitable in space [75]. The Navy Laser
Weapon System (LaWS) is a 33 kW laser, tested on USS Ponce in 2014 [76]. LaWS

will also be installed on the guided missile destroyer USS Arleigh Burke in 2020 [77].

2.6 Time-of-Flight Mass Spectrometry (TOF-MS)

A time-of-flight mass spectrometer (TOF-MS) is particularly well suited for
measuring the plasma plume resulting from pulsed laser ablation. A single laser
pulse is fired, which simultaneously generates the ablation plasma, as well as marks
the start of the time-of-flight (TOF). The particles travel a known distance, and are
detected at the end of the mass spectrometer (MS). Based on the distance traveled

and the flight time, the particle speed is determined. Typically, the particles will
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also pass through electric or magnetic fields. Based on how the charged particles
are deflected, their energy-per-charge can be determined. Combining the velocity
and energy-per-charge measurements, the mass-per-charge of the particles is found.

There are several configuration designs for a TOF-MS. One of the most com-
monly used design configurations for a TOF-MS is a reflectron. In this design, the
ions are first generated, then travel through a field-free drift region. They then enter
into an ion reflector, which is an electrostatic grid that reflects the ions by approxi-
mately 180°. The ions then travel back through the field-free region until they reach
the detector, located near the original ion source. Ions with higher mass-per-charge
travel deeper into the reflector. As a result, all ions with the same mass-per-charge
reach the detector at the same time, regardless of their initial speed, so the detector
signal vs. time can be directly converted to a mass-per-charge distribution. This
has a very high mass resolution, making it a popular technique [78]. However, this
technique does not give a speed distribution for the ablation plasma. While this is
not needed if one is only interested in the elemental distribution of a material, it
is a critical measurement for ALP. In addition, since the ions must be completely
turned around by the reflector, the maximum measurable ion energy is less than the
voltage of the reflecting grid.

Another design is an orthogonal acceleration TOF-MS. With this design, the
ions are accelerated orthogonally to their initial direction of motion by an electric
field. Because the acceleration is orthogonal, the in-line velocity component is not
modified, so the ion velocity can still be measured. The total deflection is dependent
on the ion energy-per-charge ratio. Therefore, the location for where the ion hits
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the detector at the end of the TOF-MS determines its energy-per-charge. Typically,
a microchannel plate detector is used, since it provides both a spatial and temporal
measurement of the detection [79]. Microchannel plates must be stored in vacuum,
which can add to complexity of their operational use.

Another method of detecting ions is the Daly detector, first proposed in [80].
Ions enter into this detector, and then are accelerated by a high voltage. They
then impact an aluminum plate, releasing secondary electrons. Following that, the
secondary electrons are accelerated into scintillator. When the electrons impact the
scintillator, it emits photons. These photons then are amplified by a photomulti-
plier. This device is a relatively simple design, but capable of measuring very small
currents.

For many applications, the material properties of a sample are unknown, and
the TOF-MS is used to determine the elemental distribution. In this case, laser ab-
lation is a tool to assist with this measurement, rather than the physical process of
interest. One application like this of particular relevance to ALP of asteroids is the
use of TOF-MS on space missions to conduct in-situ spectrometry measurements.
Although the application is different, this still a laser used in a space environment,
and fired at a rocky surface. In addition, the plasma plume must travel in a vac-
uum, which is naturally present in many space environments, and also allows for
a spacecraft to make the measurement without needing to contact the asteroid di-
rectly. The Laser Ablation Mass Spectrometer (LAMS) has been designed for such
missions [81]. Experimental results from this device, including the effect of the shot
number on the element distribution, as well as the ion energy, are directly applicable
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to asteroid redirection applications of laser ablation.

TOF-MS is also a popular technique for studying the physical processes as-
sociated with laser ablation. It can be used to quantify the effect of repeated
ablation shots on the resulting plasma, and can analyze multiple ion species si-
multaneously [39]. It has also been used to study the effect of pulse width on the
plasma plume [82]. It has also been used to characterize the ions in laser propulsion

experiments, and to determine the specific impulse [44].

2.7 Force Measurements

Knowledge of the force generated from laser ablation is critical to plan asteroid
deflection missions. The momentum coupling coefficient C,, is typically reported,
defined as the force from ablation divided by the laser power.

The ablation plume can be analyzed to indirectly determine C,,. C,, can be
calculated using the mass removal rate 7 and specific impulse I,,. 7 is relatively
straightforward to measure. A sample is ablated for a known amount of time,
and weighted before and after the ablation event to get the change in mass. An
alternative method is to analyze the crater from an ablation event with a scanning
electron microscope (SEM), and estimate the volume of the crater.

The speed of the high-energy ions can be found using a time-of-flight mea-
surement, as described in the previous section. The plume expansion can also been
observed using a high-speed camera [83]. Finally, the plume temperature can be

measured based on its emission spectrum, and the particle speed estimated from
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that [31]. However, these techniques all measure the speed of only the energetic
ions, and not slower moving neutrals, or larger particles. As discussed in [84], this
can significantly over-estimate the overall specific impulse. Therefore, a direct mea-
surement of the force is preferable, since it does not have this issue.

[85] discusses the recommended practices for measuring thrust from electric
propulsion (EP) systems. In most cases, the force generated from EP is much
less than the weight of the system, making the use of a load cell impractical. In-
stead, it is recommended to use a thrust stand, as either a torsional, hanging, or
inverted pendulum. The equations of motion of these thrust stands are that of a
spring-mass-damper system. The deflection of a pendulum can be measured with a
laser interferometer, capacitive sensor, or similar sensor. For most EP systems, the
steady-state deflection of the pendulum is found, which gives the average thrust.

There are some unique aspects of ALP which must be considered when making
thrust measurements. Repeated ablation to the same spot on a material results in
a degraded force response, making steady state measurements of force challenging.
Also, the sample material being ablated can be attached to the force pendulum,
while the heavy laser can be mounted external to the pendulum. Because of this,
the impulse response of a pendulum to a laser pulse is often measured (as done
in [86]), rather than a steady-state deflection. The pulse width of the laser should
be significantly shorter than the pendulum’s period, otherwise additional effort will
be needed to account for a time-varying fluence. This requires a sufficiently high
impulse from a single laser pulse to be detectable by the thrust pendulum.

Because the laser does not need to be physically attached to the material being
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ablated, the issue of low thrust per weight associated with EP systems is significantly
reduced. This allows for the use of a load cell to measure the force. In chapter 6,

ALP experiments using a load cell are discussed.
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Chapter 3: Design of a Time-of-Flight Mass Spectrometer for

Characterization of Laser Ablation Plasma

Sloane, J., “Design of a time-of-flight mass spectrometer for characterization

of laser ablation plasma,” 2016.

The following chapter has not previously been published. This chapter was
previously submitted to the University of Maryland Department of Aerospace Engi-

neering in partial fulfillment of the requirements for the degree of Masters of Science.

3.1 Abstract

Laser ablation is a method of generating low-thrust propulsion in
space. In addition, the ablation plasma contains particles ranging in
size from individual ions to nanoparticles, which can be used in plume
impingement studies to simulate the space environment. In this paper,
the design and construction of a time-of-flight mass spectrometer (TOF-

MS) to characterize a laser ablation plasma is discussed.
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3.2

Mo

Vo
-
D

d

daccel
daperture

ddetector

E
E
E cap

LAT

Ldetector

Lfieldffree

Lplate

Nomenclature

Non-dimensionalized particle energy-to-charge ratio
Non-dimensionalized energy-per-charge of a particle which passes
through the energy gate initially moving in the x-axis

Entry angle of a particle to the energy gates

A particle’s initial velocity

Time for a particle to traverse the first energy gate

Distance between the ground and deflection plates in the energy gate
Distance in the y-axis between the entry and exit aperture

Distance between the accelerator plates

Gate aperture diameter

Distance in the x-axis between the start and the end of the detector
Particle energy

Average electric field in the energy gate

Electric field in a parallel plate capacitor

Laser Ablation Tug

Distance in the y-axis between the secondary particle release

and the scintillator in the detector

Length of the field-free region

Length of the ground and deflection plates in the energy gate
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m Particle mass

PMT Photomultiplier

q Particle charge

tq Time that the primary particle spends in the accelerator grids and detector
ty Time when oscilloscope measures detection

tpulse Laser pulse time

ts Secondary particle flight time

tror Time-of-flight

to Time when ablation occurs

TOF-MS Time-of-Flight Mass Spectrometer

V Voltage on energy grid deflection plates
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3.3 Introduction

One of the most ubiquitous challenges in aerospace engineering is “the tyranny
of the rocket equation” [87]. A consequence of the Tsiolovsky rocket equation,
this states that the mass ratio between the vehicle’s dry mass and total mass is
exponentially dependent on the delta-v which is to be performed. Typically, all of a
vehicle’s propellant to be used during a mission must is included in the initial launch
from Earth, so additional propellant is needed get this to Earth orbit. If propellant
can be instead harvested in-situ while in space, the spacecraft’s launch mass can be
decreased, and the mission life can be extended.

First proposed by Kantrowitz in 1972 [32], laser propulsion is the process
of removing material from the surface of a solid or fluid using a laser to generate
thrust. With laser ablation propulsion, a fast, high-energy, and tightly focused pulse
from the laser converts solid material directly into a plasma jet. Virtually any solid
material can be used as a propellant, making laser ablation an ideal technology to be
used for space propulsion. For example, a Laser Ablation Tug (LAT) is a proposed
mission design for orbital debris removal [45]. In this design, the orbital debris itself
is used as the propellant for ablation, allowing the tug to deorbit multiple debris
objects without needing to bring additional propellant with it during launch. Laser
propulsion has also been proposed for asteroid mitigation [49,51].

Another application of laser ablation is its ability to generate energetic parti-
cles. Other research currently being conducted in the Space Power and Propulsion

Lab uses a Xenon and Argon ion source to analyze the effect of particle bombard-
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ment on spacecraft [88]. The laser ablation facility extends this capability, since the
particles range in size from individual ions to nanoparticles.

For both applications, it is critical to have a well-characterized ablation plume.
Heavier particles moving at lower speeds correspond to a decrease of specific im-
pulse [89]. A mass and velocity distribution can be integrated to determine the
force generated due to ablation. In addition, the distribution can be used to deter-
mine the inefficiencies associated with polydispersity, which is when the particles
in an exhaust stream are at different speeds [90]. For plume impingement stud-
ies, knowledge of the impacting particles is important to determine that they are
properly simulating the desired conditions.

In this paper, the design of a Time-of-Flight Mass Spectrometer (TOF-MS) is
discussed, which will be used to characterize an ablation plume’s velocity, mass, and
charge distributions. TOF-MS is well suited for laser ablation spectrometry, since
the fast ablation pulse marks the start of the TOF measurement, so no additional
gating is needed, and the ablation plume is already directional. TOF-MS is a rel-
atively low-budget spectrometry technique, and does not require breaking vacuum

to conduct measurements.

3.4 Hardware

The facility is composed of a laser, an optics enclosure, a vacuum chamber
where laser ablation occurs, and a spectrometer to characterize the ablation plume.

Figure 3.1 shows a schematic of the hardware, and Figure 3.2 shows a picture of the
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facility.

Laser
Laser Viewport

Optical Isolator Vacuum Chamber

Turbopump

Beam Expander

HEPA
Filter

Roughing
Pump

Figure 3.1: Schematic of hardware.

Figure 3.2: Laser ablation facility.

The laser first enters the optics enclosure. An optical isolator prevents reflected

laser light from damaging the laser. Following two mirrors, the laser is expanded
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and then focused to a small spot via a 20x beam expander and 3” lens with 0.5
m focal length. This allows the laser beam to enter the vacuum chamber through
the laser viewport at a large diameter, with the focal spot near the center of the
chamber. The chamber is large enough for the laser to be sufficiently diffuse by the
time it reaches the chamber walls for it to be absorbed as heat, without damaging
the walls.

An interlock is wired to the laser, so it can only fire when the optics enclosure
and chamber are sealed. Using this interlock, the laser facility is considered to be
Class I, allowing for use without additional eyewear or other laser safety equipment.

A turbo pump backed by a dry roots pump maintains the chamber pressure
below le-4 mbar. A pair of ball valves allows the turbo pump to be switched
for a HEPA filter in the pump line. The HEPA filter is used at the beginning of
pumpdown and while bringing the chamber back to atmosphere in order to collect
nanoparticles generated during ablation.

The laser is a Q-Switched Nd-Y2SO4 from Photonics Industries (model SN-
40-1064). It emits pulses of about 0.7 ns (FWHM) duration and up to 827 uJ
pulse energy at a wavelength of 1064 nm. The pulse repetition rate can be varied
from 40 kHz to 90 kHz and the average power from 0 to about 36 W. Using the
laser’s external gating control, an individual pulse, or a train of pulses at the pulse
repetition rate, can be picked out. A light sensitive diode in the optics enclosure
detects stray light from the laser to determine when a laser pulse occurs. This diode
is monitored by a high-speed oscilloscope, which is connected to a computer for data

capture.
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A target plate to be ablated is placed at the laser focal spot. The target is
oriented so the normal of its plane is at a 45° angle with respect to the incoming
laser. The ablation plume is a directed plume, which moves in the direction normal
to the surface of the target, and has a cosine dependence [89]. A custom built mass
spectrometer is aligned with the ablation plume. Multiple laser pulses at the same
spot would drill into the target, which creates a nozzle directing the plume back
towards the laser [91]. This is undesirable, since the plume would be directed away
from the spectrometer, and towards the laser viewport which could be damaged
by the plume. In addition, repeated pulses to the same spot degrade the ablation
response [89]. In order to maintain a fresh ablation spot, the target is attached to
XYZ translational stages. The stages are also used to fine tune the focus of the

laser.

3.5 Mass Spectrometer

3.5.1 Overview

A time-of-flight mass spectrometer (TOF-MS) is used to characterize the ve-
locity, charge, and mass of the particles in the ablation plume. Since the spectrom-
etry is being performed in vacuum, and the particles range from individual ions to
nanoparticles, a custom spectrometer was designed. A schematic of the mass spec-
trometer is shown in Figure 3.3. The ablation plume is generated at the target from
a single laser pulse. The spectrometry measurement begins with a single laser pulse,

which generates ablation and marks the start of the TOF. After traversing through
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a field-free region, the particles reach the energy gates, which filter particles by their

energy-to-charge ratio (E£/q).

TOF Region

(] Photomultiplier

| Scintillator
Secondary
Particles
Ablation

{ |
vV Detector
X

Accel. Grids

Figure 3.3: Schematic of mass spectrometer.

A particle of the correct E/q is then accelerated and collides with the back wall
of the detector, releasing secondary particles. The number of secondary particles
released is a function of the energy of the primary ablation particle. The secondary
particles are accelerated to the scintillator, which generates light when it collides.
This signal is amplified by the photomultiplier, which is in turn measured by the
oscilloscope. The time between the ablation pulse occurring and the photomultiplier
signal corresponds to the time of flight of a particle.

Since the distance between the ablation spot is known, the particle velocity v
can be calculated using the TOF measurement. The particle’s £/q is known from

the energy gates. Finally, the particle’s energy is determined from the number of

1

vaz, the mass and charge of the particle

secondary particles emitted. From F =

are determined.
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3.5.2 Magnetic Shielding

In order to minimize the effect of the Earth’s magnetic field on the particle
motion, the mass spectrometer is placed in a high permeability cylindrical magnetic
mu-shield. The ends of the cylinder have removable caps to allow access to inside
the cylinder from both sides. The cap in the chamber side of the magnetic shield
has an aperture to allow particles to travel through without significantly degrading
the shielding from the magnetic field. There is also a hole in the mu-shield for a
high-voltage feedthrough port, and a hole for wires to go into the chamber.

The magnetic shield is a cylinder with a 7.6 in outer diameter, and 21.1 in
length, selected to fit inside the chamber extension. This provides a constraint on
the size of the spectrometer, which must fit inside this cylinder. The thickness of
the shield was selected to be 0.062 in to ensure that the magnetic field is less than
1% of the Earth’s ambient magnetic field. The effectiveness of the shielding was
verified using a simulation conducted with COMSOL Multiphysics v4.4, and with a

magnetic field sensor.

3.5.3 Energy Gates

3.5.3.1 Design Overview

The energy gates allow only particles of a specific F/q to pass. Figure 3.4 shows
a schematic of the first energy gate. The top plate (ground plate) is at ground,

and the bottom plate (deflection plate) is at a set voltage V, which generates a
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uniform electric field in the y-axis. The MS is aligned with the ablation target such
that particles enter the first energy gate traveling along the x-axis, and through
an aperture in the first plate (entry aperture plate). A second aperture plate (exit
aperture plate) is located at the end of the energy gate. Particles in the gate follow
a parabolic trajectory, and at some V', only particles of a specific F/q reach the exit
aperture. A particle’s kinetic energy-to-charge ratio can be non-dimensionalized by

dividing it by V, so the non-dimensionalized energy-to-charge 7 is defined as

The value of n for particles which can pass through the energy gate is fixed
by the gate’s geometry, and is not dependent on V. The second gate has a similar
design, but with the top plate at V' instead. Therefore, the particles exit the second

gate parallel to the x-axis, which is convenient for construction.

{

f daperture

V — < twall

I |
I L I

Figure 3.4: Schematic of Energy Gate. Trajectories of particles which can make
it through the first energy gate are shown. (1) Desired particle trajectory. (2)
Trajectory of a particle entering at a non-zero angle.
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3.5.3.2 Uncertainty Analysis

Analysis of time-of-flight mass spectrometers of various geometries have been
conducted previously in the literature [92], so here we will focus on the geometry
used for our specific design. The energy gates only allow particles of a specific n
to get through, assuming particles enter the first gate with the velocity only in the
x-axis. If a particle enters the gate at some angle 0, it requires a different value
of 1 to pass through the gate. Therefore, an uncertainty in 6 corresponds to an
uncertainty in 7 of the particles. Let us derive an equation for n(6) for particles
that can pass through the energy gate.

Figure 3.4 shows a schematic diagram of the energy gate. The origin is set
at the entry aperture, and the exit aperture is located at (D — dy) where D is
the distance between the ground and deflection plate, and d is the distance in the
y-axis between the entry and exit aperture. For an ideal parallel plate capacitor,
the voltage between the ground and deflection plate creates a uniform electric field
of Ecap= (V/D)y. Assuming a field of E.qp in the region between the ground and
deflection plate and no field between the aperture plate and deflection plate, the
average electric field is E = (Lyate/L)Ecap- Lpiate is the length of the ground and
deflection plate, and L is the distance between the aperture plates. For this analysis,
we will assume a uniform electric field E inside the gate. The equations of motion

for a particle in the gate are



. [ Lplate \ ¢V
my = (%) ) (3.3)

Since there are no forces in the x-axis, x = & = const. Therefore, the time 7
to traverse the gate is 7 = L /4. Equation 3.3 is integrated twice, noting that the

initial position in the y-axis is zero.

1 Lplate qv 2 g
y(t) 2< L >th ol (3:4)

At 7, the particle is at the exit aperture, so y(7) = —d. Substituting in for 7,

this gives

~—~

3.5)

1 L late qV L 2 . L
—d=_ (=) L = _
2< L )mD (x()) T\
Substituting tan(0) = o /20, this can be rearranged to give

1 .9 1 Lplate L_2
Smig a\"T D

¢V~ d+ Ltan(0) (3.6)

This can be rewritten in terms of initial kinetic energy, since

vg = &g+ g
= ip (14 tan® (9)) (3.7)

= i3 sec’ (0)

Therefore,

1 2 l Lplate L_2
Smug a4\~ )D

n(6) = qu ~ d+ Ltan(0) sec’ () (3:8)
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Let us define iy = n(0). We therefore see that

1 (Lyae\ L?
=7 (—L ) aD (3.9)

Expanding Equation 3.8 for small angles, we get

n(6) ~ no (1 - §0> (3.10)

with 0 in radians. Considering that D is on the same order as d, we see that
no scales as (L/d)?. The maximum voltage that can be applied to the energy gate
is constrained, so to increase the maximum particle energy that the gate can allow
through, a large L/d is desired. However, Equation 3.10 shows that uncertainties
in 6 are amplified by a factor L/d when determining the uncertainty in 7. This
system is designed to allow for a large range of particle energies, ranging from ions
to nanoparticles, to get through, so a high maximum energy is desired. In addition,
a high precision of n would decrease the fluence of particles which get through the
energy gates. Finally, a larger L/d fits better in the cylindrical chamber extension.
For these reasons, a relatively large L/d was selected for the spectrometer design.
Table 3.1 shows the values of the design parameters which were ultimately used for
the gate design. With these parameters, the gate has a value of 1y = -3.73 found
using Equation 3.9. Note that the negative sign shows that the voltage must be
biased to the opposite polarity of the particle charge.

To determine the uncertainty in 7, we must first determine the uncertainty in
0. The spectrometer is able to be aligned with an uncertainty of approximately 2
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Table 3.1: Energy gate design parameters.

Parameter Value (mm)
Lytate 76.2

L 100

d 17

D 30

Qaperture 0.75

mm in the y-axis direction. The length of the field-free region between the ablation
spot and the first gate is Lficig— free = 40 cm. This corresponds to a oy of 5 mrad.
Using Equation 3.10, this corresponds to a 3% uncertainty in 7.

Another source of uncertainty in the particle’s energy comes from the size of
the aperture. In the previous derivation, it was assumed that the particles entered
and exited through the center of the apertures, traveling a distance d in the y-axis
for one of the gates. This distance traveled could be off by as much as daperture,
which corresponds to the uncertainty oq = daperture. This effect is determined by
error propagation.

on

od

= (—é) (3.11)

Therefore, the fractional uncertainty due to the aperture diameter is (daperture/d),
which corresponds to a 4.4% uncertainty in 7. As expected, a smaller aperture di-
ameter reduces the uncertainty in n. This calculation can also be done for the effect

of #, similar to what was done in the Taylor expansion earlier.
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The root-mean-square (RMS) fractional uncertainty in 7 due to 6 and d can

be found by

Q-G e

Including the uncertainty due to 6, the RMS uncertainty of n is 5.3%.

3.5.3.3 Fringe Fields

To reduce the effect of non-ideal fringe fields, the gates are a modified Herzog
shunt design [93-95]. In a typical Herzog shunt gate design, the entry and exit
aperture plates are both at the potential which is the average of the top and bottom
charged plates. In addition, the entry and exit apertures are both centered at the
center of the aperture plates, and the apertures themselves are often large.

In our design, the apertures are located close to the charged plates. This
allows for the electric field to be maximized for a given d. As seen in Figure 3.5,
visualizations of the potential distribution found with a 2D COMSOL simulation
showed that the electric field is more uniform along the particle trajectory if the
aperture plates are at the same potential as the charged plate closest to the aperture.
Using this model, the energy-to-charge that the gates allow through was found to
be ny = -3.48. This provides a better estimate for 7y, than what was found in

the previous section. The effect of 8 predicted by Equation 3.10 should still be a
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reasonable approximation.
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Figure 3.5: Potential for energy gates. White: trajectory of a particle going through
the energy gates.

3.5.4 Detector

Following the gates, accelerator grids accelerate the charged particles into the
back wall of the detector, which is at high voltage. In order for this to accelerate the
incoming primary particles, it is set to -5 kV for detecting positive particles, and
+5 kV for negative particles. These high energy particles collide with an aluminum
wall at the back of the detector, releasing secondary electrons and secondary Al™
ions. A polyvinyltoluene scintillator is biased to be 4+5 kV with respect to the
detector potential, which accelerates either the secondary electrons or ions to it.
When a secondary particle hits the scintillator, the scintillator releases photons.
The photons are directed to a photomultiplier (PMT) by a conical light guide. The
PMT amplifies the number of photons by a factor of 2 - 10°, and outputs a current
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proportional to the amplified light. The PMT output is connected to ground through
a resistor. The oscilloscope measures the voltage drop over the resistor, and the
current is found from Ohm’s Law (V = I R).

As shown in Figure 3.6, there are three accelerator grid plates. dyeee; is 11.6
mm, dgerector 18 23.8 mm, and Lgegector 1S 20 mm. The accelerator plate 1 is the
same plate as the gate 2 exit aperture plate. The third plate is the same as the
detector entry aperture plate. All three accelerator plates have a 3 mm aperture.
As discussed previously, the first accelerator grid is always set to Vi = 0 V, and
the third grid is at V3 = 45 kV. The acceleration grids compose a three-aperture
electrostatic immersion lens. The trajectory of a charged particle can be determined
using Equations 1.14 and 1.41 of [94]. Using these equations, an intermediate volt-
age Vy between V; and Vj is found such that the particles are focused and stay
within the accelerator apertures. Since the particle trajectory is a function of the
particle’s energy-per-charge selected by the energy gates, an acceptable value of Vy

is dependent on the particle’s energy per charge.
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Figure 3.6: Schematic diagram of accelerator and detector.

We wish to determine the contribution the detector has on the total measured

flight time. A particle in the accelerator regions is undergoing constant acceleration.

—(Va—W1)

The electric field between the first and second grid is Eiy = —; . The particle

accel
enters the first aperture grid at v; = vy. Similar to what was done in Equations

3.2-3.8, the equation of motion for the particle is integrated twice, and the time

Atq5 to travel the distance dg,..e; 1s solved for. This is found to be

A —U1 + U% + —Zq(vi;Vl)
to = o (3.14)
m daccel

The velocity at the start of the second accelerator plate is then found to be

N (3.15)



The time spent between grids 2 and 3 (Aty3), and the velocity at the third grid
(v3) is found using Equation 3.14 and Equation 3.15, and incrementing the indices.
Following the accelerator grids, the primary particle travels through the detector at
roughly constant velocity, so the time spent by the particle in the detector region
iS dgetector /v3- The total time ¢4 that the primary particle spends in the accelerator

grids and detector is therefore

d etector
ta = Atyo + Atos + d;—t (316)
3

Note that t; is a function of the particle’s initial velocity vy and energy-per-
charge ratio.

A 3D COMSOL model of the detector and scintillator was used to determine
the time ¢4 for the secondary particles to reach the scintillator. The particle was
released at rest at the back of the detector, and the time to reach the scintillator
was found to be 3.7 ns for secondary electrons, and 830 ns for the heavier secondary
ions.

The t, for secondary ions is significant, so we wish to determine an uncertainty
for it. This is found by releasing the secondary particles as a Gaussian distribution.
Figure 3.7 shows a representative case, where the ions are initially at a temperature
of 3 eV. For this case, the average t, for the secondary ions was 800 ns, and the

standard deviation was 100 ns.

48



Figure 3.7: Secondary ions in detector. Aluminum secondary ions initially at 3 eV.
2D projection of trajectory.

The number of secondary particles released at the detector is in general a
function of the energy of the primary particle. For future work, we wish to incor-
porate this relation into our analysis. Since the mass-to-charge ratio of the primary

is known, an independent measurement of the particle’s energy will allow the mass

and charge to be determined, and not just the ratio of the two.

3.5.5 Time-of-Flight Measurement

The laser pulse begins at t = 0 and lasts for the pulse time ¢,,;5c = 0.7 ns. For
nanosecond laser pulses, the pulse time is much larger than both the material’s elec-
tron cooling time and lattice heating time [36]. As such, the ablation process occurs
during the ablation pulse time. A high-speed diode placed in the optics enclosure

detects scattered light from the laser which marks the start of the TOF measure-
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ment. Timing measurements are recorded with the PicoScope 5444 A oscilloscope at
a 125 MHz sampling rate, and therefore an 8 ns resolution.

For this discussion, we will consider the detection of a single particle. The
particle travels through a field-free region between the ablation point and the start
of the spectrometer (a distance of L fjejq— free and time ¢ giejq— free). Then, the particle
goes through the energy gates in time tgqes. The total length of the two gates,
including the aperture plate thicknesses, is Lgqtes. In both the field-free region and
the gates, there is no field in the x-axis, so the x-component of the velocity is
constant. Therefore, we define the actual time of flight as t7or = tficia—free + tgates-
The particle’s initial velocity is then found by

Lfield—free + Lgates
Vo =

(3.17)

tror

assuming the velocity is initially in the x-axis. ¢y occurs when the Picoscope
starts measuring the results from the photomultplier. The apparent time-of-flight,
as seen by the Picoscope, is t; — ty. Accounting for the time spent by the primary

and secondary particles in the detector, the actual time of flight is

tror = (ty — to) — (ta + ts) (3.18)

Table 3.2 shows the approximate values of the times which are not dependent
on the particle’s initial velocity. From this table, we see that the combined delays
associated with the photodiode, scintillator, and photomultiplier are less than two

time steps measurable by the Picoscope. For simplicity, we will not account for
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these values in the calculation for tror, and instead treat these as contributions to

the timing uncertainty.

Table 3.2: Timing values.

Photodiode* 5 ns
Secondary e~ 3.7+ 1 ns
Secondary ions 800 £ 100 ns
Scintillatorf 0.9 ns Rise time
2.5 ns Pulse FWHM
2.1 ns Decay time
PMT# 0.57 ns Rise time
2.7 ns Transit time
Picoscope® 125 MHz Sampling rate
8 ns Resolution

* Rise time for SFH 203 silicon PIN photodiode

fEljen EJ-200 Polyvinyltoluene Scintillator

tHamamatsu Photomultiplier Tube R9880U-210
$PicoScope 5444A with 4 channels enabled in 14 bit mode

The flight time in the accelerator plate and detector t; is in general a function
of vy, the mass-to-charge ratio, and the energy-to charge ratio, as discussed in Equa-
tions 3.14-3.16. However, the measurement for vy is dependent on tp, by Equations
3.17-3.18. Finally, m/q is related to vy by Equation 3.1, where 7 is the value of 7
previously found for the gates, V' is the potential set on the charged gate plates,
and v is vg. Equations 3.14-3.18 can be numerically solved for simultaneously to
determine t4, m/q, vy, and tror.

To simplify uncertainty propagation, let us now use the approximation that
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tq < tror, in which case trop =~ t§ —to. When the detector is in secondary electron
mode, the uncertainty oy, ~ 2t,.s = 16 ns. This conveniently encapsulates all of
the timing values in Table 2. In secondary ion mode, the uncertainty is dominated
by 0o, = 01, = 100 ns. Applying uncertainty propagation on Equation 3.17, we

find

2 2 2 2
(%> B O-Lfield—f'ree + O-Lgates + (O-tTOF) (3 19)
= 3 .
Vo (Lfield—free + Lgates) tTOF

~ 1 cm since it is difficult to measure the distance between the

ULfield—free

ablation point and the start of the spectrometer. Lgqes can be measured much more
accurately with a micrometer, so this does not contribute much to the uncertainty.
Therefore, % = 1.7%. At low speeds, this dominates the uncertainty. At higher
speeds, tror is smaller while o,,, is constant, so the contribution from this term
dominates. The two terms are equal at vy = 6.4 - 10° (1.0 - 10°) m/s for secondary
electron (ion) mode.

Equation 3.1 can be rearranged to solve for m/q

=T (3.20)

m nV
q Uy

Using error propagation, we see
o 2 o \2 o\ 2
G- e
m/q Yo n

Therefore, the uncertainty in the mass-to-charge ratio is greater than 5.6%,

and is dependent on the particle’s initial velocity.
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3.5.6 3D Model

Based on the dimensions used in the 2D model, a 3D CAD model of the
spectrometer was created using Autodesk Inventor, shown in Figure 3.8. The corners
of the charged plates are rounded to reduce the amount of high electric fields at
sharp corners. The components of the spectrometer are attached to a 3D printed
base. This provides the necessary precision for the spectrometer components, and
also insulates the components. The 3D printed material was tested to handle high
voltages. The 3D printed base is then mounted to two strut channels, which provide

additional structural support as well as assist in placing the spectrometer in the

vacuum chamber.

Figure 3.8: Mass spectrometer CAD model.

23



Figure 3.9: Assembled mass spectrometer.

As discussed in section 3.5, a small aperture diameter is required to have high
precision for n, in the 2D case. The electric field is not strongly dependent on the
position in the z-axis (normal to the particle path), so the requirement for a small
aperture diameter is not applicable in this direction. To increase the fluence of
particles without effecting the uncertainty in 7, the apertures are actually slits with
a 3 mm length in the z-axis, and still with a 0.75 mm diameter in the XY plane.

The CAD model was then imported into COMSOL to confirm the results of
the 2D model. In this model, the strut channels are grounded, as is the cylindrical
magnetic shield (not shown). Figure 3.10(a) shows the case where the charged gate
plates are at -10 V, and the detector is at -5 kV. At this relatively low voltage on
the charged gate plates, the field inside the second gate is distorted. The section cut

normal to the particle plane of motion shows that the potential from the accelerator
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grids and detector is coming over the gate 2 exit aperture plate, and the results are

shown in Figure 3.10(a-b). The grounded strut-channels help keep the field from

coming from under the aperture plate.

o b 4 & b &b s ©

()

Figure 3.10: Potential distribution of 3D mass spectrometer model. The cylindrical
mu-shield and struts are grounded. The charged gate plates are at -10 V. The
accelerator plates and detector are at -5 kV. The scale of the potential is between
-10 V and 0 V for ease of visualization. In (a, b), the high voltage from the detector
distorts the field in the second gate. In (c, d), grounded shielding is added to the
gate 2 exit aperture plate, which reduces the effect of the high voltage detector on
the gate potential.

To counteract the effect of the high voltage, additional shielding is provided
by extending the grounded gate 2 exit aperture plate. The results are shown in
Figure 3.10(c-d). With this updated 3D model, the value of 7, for the gates was

found to be -3.48, which agrees with the 2D model. With a complete 3D model, the

spectrometer was constructed, and is shown in Figure 3.9.
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3.6 Future Work

3.6.1 Mass Spectrometer Calibration

Before using the mass spectrometer to characterize the laser ablation plasma,
we first need to calibrate the spectrometer with an ion source which generates pre-
viously well-characterized ions. To accomplish this, we are currently working on
incorporating an ionic liquid ion source developed at the MIT Space Propulsion
Laboratory [96,97]. The referenced papers include details of the design and fabri-
cation of this device, so we will discuss it here only as a brief overview.

Ionic liquids have virtually no offgassing making them very stable in vacuum
operation [97]. They are also molten salts which are liquid at room temperature,
and are highly conductive and composed of ions and anions. In this setup, a drop of
ionic liquid is placed on the distal contact electrode, and this drop is the reservoir.
This provides an electrical connection between the contact electrode and the sharp-
tipped needle. Capillary action draws the liquid to the tip of the needle. A voltage
bias 1V} of about 1 kV is applied to the needle with respect to the grounded extractor.
This forms a strong electric field at the needle tip, which extracts ions directly from
the liquid. The ions are then accelerated and exit the extractor. These particles are
monoenergetic, with an energy of V4 [90]. Depending on the polarity of Vj, either
positive or negative ions are extracted. One commonly used ionic liquid which we
plan on using for our future tests is EMI-BF,, whose monomers are EMI™ and

BF,. In addition to these monomers, heavier ions are also present which include
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combinations of the positive and negative monomers.

This ion source is mounted to the XYZ translational stages in our chamber.
The ion source emits a constant current of approximately 100 nA, so additional
gating is needed after the extractor plate to pulse the particles. Ionic liquid ions are
significantly heavier than individual aluminum ions. Because of this, they can be
used to test the relation between particle mass and velocity to secondary emission

in the detector for heavier particles.

3.6.2 Laser Ablation Plume

Following the completion of the calibration tests, the mass spectrometer will
be used to characterize the laser ablation plume’s velocity, charge, and mass dis-
tributions. For particle bombardment studies, it is critical to know the properties
of the particles which are bombarding, which is why the ablation plume will be
characterized with the spectrometer. In addition, the mass spectrometer can be
used to filter the bombardment particles. In this configuration, the detector of the
spectrometer can be replaced with a material to be bombarded. Then, the energy
gates will filter out particles of a specific energy-per-charge. The charged gate plates
can be pulsed with some delay with respect to the ablation pulse to further filter by
velocity. The mass-to-charge ratio distribution is likely a function of the energy-to-
charge, which will have been found with the spectrometer characterization. Finally,
the accelerator plates can be used to adjust the energy-to-charge of the particles

before they bombard the sample.
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3.7 Conclusion

In this paper, we have discussed the design of a time-of-flight mass spec-
trometer developed to characterize a plasma plume generated by laser ablation.
Uncertainty analysis was conducted on the spectrometer design. The energy gates
were found to be able to determine a particle’s energy-to-charge ratio to 5%. At
low speeds, the particle’s velocity can be found with a 2% uncertainty, and the un-
certainty increases with increasing particle velocity. The particle’s mass-to-charge
ratio can be found with a 6% uncertainty. These uncertainty calculations did not
consider the effect of particle interaction, both during initial plasma formation and
also in the field-free region. Future tests with an ionic liquid ion source will exper-
imentally validate the spectrometer design using particles of known mass, charge,
and energy. Additional research is also needed to relate the number of secondary

particles emitted at the detector to the energy of the incident particles.
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Chapter 4: Validation of a Time-of-Flight Mass Spectrometer

Using an Ionic Liquid Ton Source

The following chapter is a pre-print of a journal article. The published version

of this journal article is:
(98] Sloane, J., Smith, E., and Sedwick, R., “Validation of a time-of-flight
mass spectrometer using an ionic liquid ion source,” International Journal of Mass

Spectrometry, vol. 432, 2018, pp. 36-43.

The pre-print of this article has been reproduced with the journal’s permission.

29



4.1 Abstract

A low-cost time-of-flight mass spectrometer has been developed to
characterize the plasma plume resulting from pulsed laser ablation. In
this paper, an ionic liquid ion source using EMI-BF, is used to experimen-
tally validate the spectrometer, as well as a model of the spectrometer.
The mass spectrometer is shown to experimentally measure the energy-
per-charge distribution of the ion source, and match with literature. In
addition, a relation between alignment error and measurement error pre-
dicted by theory is confirmed, further validating the model. Now that it
has been validated, the spectrometer can confidently be used to deter-
mine the two-dimensional distribution of speed and energy-per-charge of

a pulsed laser ablation plasma, or other pulsed plasma sources.

4.2 Introduction

A sub-nanosecond pulsed laser fired at a target material generates an ablation
plasma plume of ions, ion clusters, and nanoparticles [99,100]. This paper introduces
the design of a time-of-flight mass spectrometer (TOF-MS) to use for characteriz-
ing the plasma plume generated by laser ablation, developed by the authors at
the University of Maryland College Park Space Power and Propulsion Laboratory
(SPPL). Multiple configurations and designs for TOF-MS systems are discussed in

literature [79,83,92,101,102]. The mass spectrometer in this paper is designed to
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measure charged particles with energies up to 30 keV, so particles ranging from
ions to clusters and nanoparticles can be detected. The energy range of this design,
combined with the ease of fabrication, makes this spectrometer design very useful.
This paper focuses on simulations and validation experiments conducted in order
to properly process the raw output of the TOF-MS. The validation experiments are
conducted using an ionic liquid ion source. This ion source generates large ions of
a known mass and energy, so the TOF-MS measurements can be compared to the
expected values.

Research is currently being conducted at SPPL using a Xenon and Argon
ion source to analyze the effect of particle bombardment on spacecraft material [88],
such as solar panels, as would be exposed in the space environment. A laser ablation
plasma source extends this capability by increasing the sizes of energetic particles
that can be generated. Before being used to conduct satellite impingement tests,
the plasma plume must first be well characterized.

In addition, laser ablation can be used to generate thrust for space propulsion
[33,45]. This is particularly well suited for deorbiting orbital debris [45,49,103], or
deflecting asteroids from a collision with Earth [15,51,104], since the objects to be
moved can be used as the propellant. Characterization of the plasma plume’s mass,
energy, and velocity distributions with the TOF-MS can be used to calculate the

propulsion parameters associated with ablation.
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4.3 Hardware Overview

4.3.1 Laser Ablation Facility

Figure 4.1 shows a schematic diagram of the laser ablation facility. The laser is
a Q-Switched Nd-Y2S04 (Photonics Industries model SN-1064-40). It emits pulses
of 0.7 ns (FWHM) duration at a wavelength of 1064 nm. The laser is operated at
40 kHz, with a maximum pulse energy of 827 uJ. Inside an optics enclosure, the
laser is expanded by a beam expander, and then focused to a point in the vacuum
chamber. The target material to be ablated is mounted on XYZ translational stages
to allow it to be moved and maintain a fresh ablation spot. The ablation plume has
a cosine dependence with the center of the plume normal to the target surface [89],

and is oriented to go towards the TOF-MS.
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Figure 4.1: Schematic of hardware.
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4.3.2 Time-of-Flight Mass Spectrometer

Figure 4.2 shows a schematic diagram of the TOF-MS. The spectrometry
measurement begins with a single laser pulse, which generates a plasma ablation
plume and marks the start of the TOF. After traversing through a field-free region,
the particles reach the energy gates, which filter particles by their energy-to-charge
ratio F by setting the center plates to a voltage V. Throughout this paper, the ~

accent is used to denote variables that are per-charge.

Z Accel. Grids (2 cm)
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Figure 4.2: Schematic of time-of-flight mass spectrometer.

A particle of the correct E is then accelerated and collides with the back wall
of the detector, releasing secondary particles. The number of secondary particles
released is a function of the kinetic energy of the primary ablation particle. The
secondary particles are accelerated to the scintillator, which generates light when it
is hit with the particles. This signal is amplified by the photomultiplier, which is in
turn measured by the oscilloscope. The time between the ablation pulse occurring
and the photomultiplier signal corresponds to the time of flight of a particle.

Since the distance between the ablation spot and detector is known, the par-
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ticle velocity v can be calculated using the TOF measurement. The particle’s E is

known from the energy gates. Finally, the particle’s kinetic energy is determined

1

2mov?, the mass and

from the number of secondary particles emitted. From E =
charge of the particle are determined. Analysis relating primary particle kinetic

energy with the number of secondary particles emitted is left for future work.

4.3.3 Tonic Liquid Ion Source

Before characterizing a plasma plume of unknown distribution, the spectrom-
eter is validated using well-characterized ions. This was done using an ionic liquid
ion source developed at the MIT Space Propulsion Laboratory [96,97], which was
borrowed for these experiments. The referenced papers include details of the design
and fabrication of this device. A diagram of the ion source is shown in Figure 4.3.

Ionic liquids are molten salts which are liquid at room temperature, highly
conductive, and composed of both positive and negative ions. Ionic liquids have
virtually no off-gassing, making them very stable in vacuum operation [105]. Ionic
liquid ion sources have been analyzed with TOF-MS previously in literature [97,
106, 107]. In the setup discussed in this paper, a drop of ionic liquid is placed on a
reservoir attached to the distal contact electrode. The liquid provides an electrical
connection between the contact electrode and the sharp-tipped needle. Capillary
action draws the liquid to the tip of the needle. A voltage bias Vj of 1-2 kV is applied
to the needle with respect to the grounded extractor. The strong electric field at

the needle tip forms a Taylor cone [108], from which ions are emitted directly from
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the liquid. Most of these particles are monoenergetic [90], with an energy slightly
less than V{). Depending on the polarity of Vj, either positive or negative ions are
extracted. In this paper EMI-BF 4, whose monomers are EMI* and BF} , is used. In
addition to these monomers, combinations of monomers called dimers are present,
such as (EMI-BF,)-BF; . If a dimer splits into a monomer and neutral after being
emitted, it will have an energy V,,;, based on the relative mass of the monomer to
the dimer [90]. If this split occurs between the needle and the extractor plate, the

monomer will have an energy between V,,;, and Vj.
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Figure 4.3: Diagram onf an ionic liquid ion source. (a) Schematic, (b) ion source,
(c) ion source on grounded back plate, (d) ion source and back plate mounted on
XYZ translation stages in the vacuum chamber.
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This ion source is mounted to the XYZ translational stages in the vacuum
chamber. The needle tip’s nominal position is at the laser focal spot, so the align-
ment with the TOF-MS is the same for the ion source as it is for ablation. The ion
source emits a constant current of approximately 100 nA. Since the current is not
pulsed, there are no measurements of the particle’s velocity, and the output signal
is proportional to the energy-per-charge distribution (see Equation 4.2). Due to the
low particle flow rate at the detector, the current from the photomultiplier is very
low.

The setup and alignment of the ion source is done with the following method-
ology. To change the ionic liquid, the ion source is first completely disassembled,
and each component cleaned in an ultrasonic bath. The ion source is then reassem-
bled. The needle is aligned to be centered at the extractor plate, and the distance
between the needle and the extractor plate is set by eye to be approximately 0.5
mm, assisted by a magnifying glass. The liquid is placed in the vacuum chamber
at rouging pump pressure for at least a half hour to outgas. A drop of ionic liquid
is then placed on the reservoir between the needle and the contact electrode. The
reservoir is slid up and down to coat the tip of the needle. In vacuum, the current
emitted by the ion source is measured, along with the alignment. If needed, the
stage and mounting plate orientations are adjusted to correct for alignment issues.
If the ion source is not emitting as desired, this procedure is repeated.

Using this setup, an energy sweep is conducted. Before the sweep begins, the
XY7Z stages move the ion source to a specified position. The accelerator plate, de-

tector, scintillator, and needle are all set to constant voltages. This current hitting
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the spectrometer front aperture plate is amplified by an inverting op-amp circuit,
which is measured by an Arduino. Secondary electron emission is likely occurring
when ions hit the aperture plate, which will increase the apparent current measured.
Nonetheless, this current is still useful to normalize the spectrometer signal, which
helps mitigate the effect of variance in the ion source’s output current. In order
for ions to be emitted, a sufficiently strong voltage must be applied between the
needle and the extractor plate [97], referred to here as the turn-on voltage. During
operation, the turn-on voltage for this ion source ranged from 1-2 kV. This voltage
was found to be different on different experiment days, and sometimes even between
tests. In addition, the current emitted by the ion source varied substantially be-
tween days, ranging from 50 nA to 2 mA. This range is due in part because of the
sensitivity in the distance between the needle and the extractor plate, which can
change during alignment. To help mitigate the ion source’s inconsistencies, only
experiments performed on the same test day are compared to each other, and data
collected while the ion source is operating inconsistently are discarded.

The photomultiplier current is monitored by a Keithley 6485 Picoammeter. In
addition, the voltage on the gate deflection plate is set by a Keithley 2410 SourceMe-
ter.

To perform the energy sweep, the gate is set to a voltage V. The current at the
photomultiplier is measured, and recorded as the average value of 5 measurements
taken over 0.2 s. In addition, the Arduino reports the current hitting the front
aperture plate. Then, the gate voltage is incremented. To speed up data collection,

if little current is detected from the photomultiplier, a larger step size is used. The
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energy sweep is then repeated, typically 3-7 times, to give more statistical data and

to confirm that the ion source was stable through multiple sweeps.

4.4  Time-of-Flight Mass Spectrometer Model

The TOF-MS can be analyzed analytically with a simple model, with constant
electric fields in the z-axis within the gates, constant fields in the y-axis between
the acceleration grids, and field-free everywhere else. For a more accurate model,
COMSOL Multiphysics v4.4 is used to calculate the electric field due to the three-
dimensional geometry of the spectrometer in the vacuum chamber. Charged particle
tracing, ignoring particle-particle interactions, is used to determine the particle tra-
jectories. In this section, the COMSOL model is used to relate the time dependent
flow of particles at the detector with the plasma’s energy-per-charge distribution
function.

With the energy gate set to a voltage of V', the spectrometer will let in particles
with energy-per-charge near EO, where EO = 19V . The maximum voltage that can
be safely applied to the gates in this setup is 8.5 kV. 19 is a constant based on
the geometry of the energy gates, and was found to be -3.48 using COMSOL. This
value is negative because the gate’s polarity is opposite to the polarity of the charge
that passes through the gate. The maximum voltage that can be safely applied
to the gates in this setup is 8.5 kV, so particles with energy less than 30 keV can
be detected, since EO,max = 19Vmaz- The photomultiplier provides a time-resolved

signal based on the rate that particles hit the end of the detector.
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Consider an ablation plume with an energy-per-charge distribution fz(E ) that
we wish to characterize. Let fz(E ) be normalized such that [ fz(E dE is 1. With
the energy gate set to a voltage V', the number of primary particles measured at
the detector is M (EO). Particles are modelled as being emitted at a point at the
ablation spot. Therefore, particles that pass through the entry aperture of the gates
have a range of positions, angles, and energies, which all effect whether a particle
passes through the energy gates. Let us define g(E , E’O) as the fraction of particles

with energy E that reach the detector, when the gates are set to V. Therefore,

M(Ey) = /fE g(E, Eo)dE (4.1)

It will be shown later that ¢ is a Gaussian function centered at E = Eo.

Approximating fz as a constant near Eo (since this is where ¢ is not small),

_ M ()
fa(Eo) = fo E Eo E (4.2)

In order to complete the relation between f and M, we must characterize g.

To do this, consider the response to the impulse energy distribution function

fr(E) = §(E — E¥) (4.3)

This corresponds to a normalized energy distribution, with all particles at

energy E*. The measured impulse response M is

M(E = E* Ey) = / N §(E — E*) g(E, Ey)dE (4.4)
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By the definition of the Dirac Delta function,

M (E*, Ey) = g(E*, Ey) (4.5)

Therefore, by finding M at various values of E* and E’O, we can determine g.
A group of particles of identical mass, charge, and initial energy-per-charge E are
released in COMSOL 43 cm to the left of the entry aperture and in line with the
aperture. The particles have a random angle in the y-z plane for initial velocity,
with a maximum angle selected to be large enough that some particles do not make
it past the entry aperture. The detector and accelerator plates are set to -5 kV.
Defocusing in the accelerator region may prevent some particles from reaching the
detector at low gate voltages. To check for this effect, gate voltages of (0.2, 0.4, 0.6,
0.8, 1) kV were considered. For each gate voltage, 7 values of E* were tested. For
each combination of (E’*, E()), the number of particles that reach the end of the
detector divided by the number of particles that get through the entry aperture is
calculated, to give M;(E*, Ey) which equals g(E*, Ey).

Let us normalize the energy-per-charge by ED, so the normalized energy-per-
charge © = E/E,, and g,(z, Ey) = g(E, Ey). With the non-dimensionalized vari-

ables, we fit a Gaussian to each curve.

o pit(2, Eo) = a - exp (—M> (4.6)

2c2

Since x = E/Ey, dz = dE/Ey, and
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gz(z, Eo)dx = g(E, E’o) Eo dE (4.7)

The results of the COMSOL simulation, as well as the Gaussian fits, are shown

in Figure 4.4. The Gaussian fit parameters are summarized in Table 4.1.
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Figure 4.4: Fraction of particles that pass through the spectrometer energy gates as
a function of the particle energy.
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Table 4.1: Gaussian fit parameters.

V (Volts) a b c I= fgzjfit(x,ﬁo)dx
200 0.9144 0.9877 0.0202 0.0462
400 0.9528 0.9878 0.0216 0.0517
600 0.9118 0.9893 0.0229 0.0524
800 0.8782 0.9894 0.0236 0.0520
1000 0.8251 0.9888 0.0257 0.0531

From Table 4.1, we see that b is close to one. This agrees with the previously
identified value of 7y, which was chosen so particles with E = Eo go through the
center of the apertures. There is also a small drop in the integral of g, f at 200
V as a result of defocusing, and above that it is roughly constant at I = 0.0523. ¢
corresponds to the standard deviation of the Gaussian, and shows that the energy
gate lets particles through with energies within 2.5% of EO. This can be thought
of as the energy-per-charge uncertainty associated with the gate Gaussian bandpass
filter.

The detector on the TOF-MS does not measure the total number of particles at
a certain energy M (EO), but instead measures the rate of particles per time hitting
the detector M,(t, Ey). This allows us to characterize the particle distribution by
energy-to-charge ratio and by velocity, instead of just by energy-to-charge ratio.
Consider particles emitted instantaneously from the ablation spot. The distance
from the ablation spot to the detector is the total time-of-flight (TOF) distance L.

Assuming no charged particle interactions, the time to reach the detector is found
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——v'=F 4.8
5 (4.8
vt =1L (4.9)

_ g m/e
t= L5z (4.10)

Consider the normalized particle speed distribution f,(v), which corresponds
to the fraction of particles with speed between v and v 4+ dv. A 2-dimensional
distribution, which is a function of both energy-per-charge and particle speed is

given by fz v(E, v). This more general distribution can be used to obtain fz by

/5 I/fg,v(E,v)dv (4.11)
This is normalized such that the double integral of fj  is one. This can be

converted to a distribution of energy-per-charge and time-of-flight by using Equa-

tion 4.9 and its partial derivative.

= - ~ ~ L
fa,(Et) dE dt = [z (E,L/t) dE dv - <t—2> (4.12)
With the energy gates set to EO, the particle flow rate at the detector Mt(EO, t)

is related to this distribution by

Mi(Bo.t) = [ 5. o(E. Eu) dE (4.13)
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This can be used to calculate M
M(B) = / My(B, 1)t (4.14)

Again, we can approximate fEt(E,t) ~ fEt(E07t)- Therefore,

~ M,(Ey, t
f5.(Eot) = _MilEyt) (4.15)
Substituting the results from Table 4.1, we get
0, —_— = .
Et Fo-1
This is then converted back to wa by Equation 4.12.
- M,(Ey, L) L
[5.,(Eo,v) = Ml ) it — Q) (4.17)

Ey-1

By experimentally measuring M, (t) at various values of Ej, the 2D distribution
function fz,, can be found. This gives us a combined energy-to-charge and speed
distribution function for the ablation plume.

Consider an energy distribution fz(E) for particles with a single mass-to-

charge ratio m. The associated fz , distribution is fE(E) §(E — smv?). Tt can be

shown using the equations above, without approximating fz = as constant, that the

~ 1.2

distribution measured by the spectrometer is fz(E) gz it (2%“) ) . % This shows
0

that the delta function in the actual distribution appears to the spectrometer as

a Gaussian. If multiple Gaussians are present in M;, and are associated with ions

(or clusters of ions) with unambiguous mass-to-charge ratios, we can first split up
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the M; into distinct Gaussians. Then, Equations 4.2 and 4.14 can be used on each
Gaussian to get the energy-to-charge distributions for each mass-to-charge ratio.
This is more accurate than approximating f as constant, and should be done when
possible.

Since t o ﬁ, and the uncertainty of E for particles that reach the detector

is about 3%, the uncertainty in ¢ due to uncertainty in Eis very small.

4.5 Results and Discussion

4.5.1 Varying Ion Source Vertical Position

When particles enter the TOF-MS along the y-axis, the energy gates select
particles with energy-to-charge Ey = noV. If the TOF-MS is not aligned properly,
particles may enter with some small angle # in the YZ plane. Assuming small angles,

and a uniform field in the energy gate, the correction for n is given by

n(0) = ng (1 - 59) (4.18)

where L (100 mm) is the distance in the y-axis from the start to the end an
energy gate, d (17 mm) is the distance in the Z-axis between the entry and exit
aperture of an energy gate, and 6 is in radians. Equation 4.18 is used to relate the
uncertainty in the TOF-MS alignment with the corresponding uncertainty in the
particle energy-per-charge. While the laser focal spot is fixed in space by the optics,
the ionic liquid ion source can be moved via the XYZ translation stages. Because

of this, the ion source is used to experimentally confirm this effect.
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For this set of tests, energy sweeps are measured with the ion source at several

positions in the vertical Z-axis. The ion source is 26.8 cm from the entry aperture

—AZ )

in the horizontal Y-axis, so the ions enter the MS with an angle § = tan™* (26_8 e

For these tests, Vi eeide = 1453 V, Vietector = -4984 V, and Viinsitiator = GND. EMI-
BF4 was used as the ionic liquid. Before starting these tests, the current emitted
by the ion source was measured, and found to be outputting a consistent 130 nA.
Since the needle is at a positive bias, positive ions from the ion source are emitted.
Since the scintillator is at a higher voltage than the detector, secondary electrons
are measured. The normalized energy-per-charge is found by dividing the measured
energy-per-charge E by the needle voltage V,eeqre- When the ion source is properly
aligned, we expect to see the largest energy peak occur when the normalized energy
is slightly less than one, and no particles having larger energy than this. The
normalized photomultiplier current is the magnitude of the current measured by the
photomultiplier, divided by the current at the front aperture plate.

Figure 4.5 shows the resulting energy sweeps. The peak for AZ = 0 cm occurs
at a normalized energy slightly greater than one. This is likely because the ion
source was not perfectly aligned in the nominal position. Aside from this offset, the
energy distribution is as expected from literature, with the main peak at V;, and one
or two smaller peaks at lower energy corresponding to broken dimers. In addition,
the width of the main Gaussian matches closely with Figure 4.4, as expected for
monoenergetic particles. This provides experimental validation for the COMSOL

model, as well as the operation of the TOF-MS.
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Figure 4.5: Ion source energy sweeps - varying top stage position.

78



A plot of the normalized energy at the peak signal vs. entry angle to the
spectrometer is shown in Figure 4.6. From Equation 4.18, the expected slope is
—% "T85 » Which is -0.103 deg~!. This agrees well with the slope found in Figure 4.6,
further validating the model. This result shows that the ion source had a 1.25° error
in top stage position, corresponds to a 5.6 mm position error and a 12% error in
measured energy. Precise alignment of the ion source to the laser focal spot was
challenging, and a 5 mm alignment error is reasonable. The techniques used to align
the spectrometer to the laser spot are more precise, with an error of less than 1 mm,

corresponding to a 2.2% energy uncertainty.
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Figure 4.6: Effect of top stage position on measured ion source peak energy.

4.5.2 Varying Distance of Ion Source to the Spectrometer

The effect of varying the distance of the ion source to the MS is also tested. By
changing the total distance the ions travel, the amount of time that particle-particle

interaction occurs changes. Particle-particle interaction can lead to a thermalization
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of the monoenergetic particles, which would be seen as a widening of the Gaussians
in the energy distribution. In addition, the number of dimers that split will increase
with a longer flight time. We are interested in seeing if either of these effects have
a noticeable impact on the measured energy-per-charge distribution.

For this set of tests, the middle stage is set to different positions in the y-axis,
with a larger middle stage position corresponding to the ion source being closer to
the MS. For each middle stage position, the top and bottom stages are moved to
maximize the current detected by the photomultiplier, while V. is at a constant 400
V. This process changes the top stage alignment, leading to the measured energy to
be off by some constant multiple. This is not a major concern for these tests because
the comparisons done are relative. Figure 4.7 shows the energy sweep results for
different middle stage positions. The ratio between the height of the small peaks and
the large peak did not change significantly between cases. In addition, the width of
the large peak did not change significantly either. Therefore, the effects tested here
are not of sufficient concern for our interest to warrant further investigation with
the ion source. For laser ablation, beam spreading may still be an issue, since the
particles are released in a bunch instead of continuously, and the charge density is

greater.

80



AY =+9.0cm *

AY =+5.5cm

Normalized Photomultiplier Current (arbitrary units)

AY =+0.0cm

0 0.5 1 1.5
Normalized Energy per Charge

Figure 4.7: Ion source energy sweeps — varying middle stage position.

81



4.6 Conclusion

In this paper, experiments were conducted to validate a model for a custom-
built TOF-MS. Equations were derived to calculate the plasma’s energy-to-charge
distribution based on the time-resolved particle flow rate into the detector. An ionic
liquid ion source was used to experimentally validate the effect of misalignment of
the TOF-MS in the vertical Z-axis. The experimental results agreed well with the
theory, and show that the relation between error in the particle entry angle 6 and
the corresponding error in the measured energy-to-charge is -0.103 deg™!. The effect
of moving the ion source along the TOF-MS Y-axis on the energy distribution was

also tested, and no apparent effect was seen on the width of the distribution.
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Chapter 5: Time-of-Flight Mass Spectrometry Analysis of

Pulsed Laser Ablation of Pyroxene

The following chapter is a pre-print of a journal article. The published version
of this journal article is:

[109] Sloane, J., Smith, E., and Sedwick, R., “Time-of-flight mass spectrom-
etry analysis of pulsed laser ablation of pyroxene,” AIP Advances, vol. 9, 025019
(2019). https://doi.org/10.1063/1.5085461. Copyright 2019 Joshua Sloane,
Eric Smith, and Raymond Sedwick. This article is distributed under a Creative

Commons Attribution (CC BY) License.
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5.1 Abstract

Pulsed laser ablation experiments on pyroxene rock have been con-
ducted. A 1064 nm laser with a 0.7 ns pulse width is used to generate
ablation in vacuum. The resulting plasma plume is characterized with a
time-of-flight mass spectrometer. Pyroxene is a mineral commonly found
in S-Type asteroids. Laser ablation generates thrust, and can be used
to move an asteroid off of an Earth impacting trajectory, or to a more
favorable orbit for in-situ resource utilization. In addition, time-of-flight
mass spectrometry can be used for in-situ analysis of asteroids. From the
data collected in this experiment, a two-dimensional distribution of the
positive ions is found as a function of speed and mass per charge. From
the distribution, the specific impulse of the positive ions is found to be
6920 s. This is an overestimate of the overall efficiency, since it does not

consider efficiency losses or the speed of neutrals and larger particles.

5.2 Introduction

In 2013, a 20 meter diameter Near-Earth Asteroid (NEA) exploded over Chelyabinsk,
Russia. This injured over 1,600 people, and Planetary Defense Officer Lindley John-
son described the event as “a cosmic wake-up call” [110]. Numerous approaches have
been proposed for deflecting or destroying asteroids on a collision course for Earth,

ranging in energy from gravity tractors to nuclear-tipped impactors [25,29,30,111].
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While low energy techniques require months to years to apply an impulse, they do
not have the risk of fragmenting the asteroid.

Laser ablation propulsion (LAP) is a promising low-thrust technology for aster-
oid mitigation. A laser is fired at a spot on the asteroid, which generates a directed
high-energy plasma plume, generating thrust. The laser can be used to de-spin the
asteroid before capturing, or maintain a standoff distance while firing the laser and
never needing to mechanically interact with the potentially tumbling asteroid [112].
Since the asteroid itself is used as a propellant, there is no need to carry additional
propellant for the deflection maneuver of the asteroid. It has also been proposed to
scale up the laser power, so an asteroid deflection system can be stationed as far as
1 AU from the impending asteroid [51]. With LAP, an asteroid can also be moved
to a more favorable orbit for in-situ resource utilization. Similarly, asteroid rocks
can be extracted and used as propellant for interplanetary spacecraft missions.

Laser ablation has been studied extensively in various similar areas of research.
LAP has been studied for orbital debris removal [45], since it also benefits from
using the debris itself as the propellant. Elemental targets are often used when
studying LAP [84], which simplifies analysis of the fundamental physics. Another
application of LAP is for station-keeping, with a major benefit being the small
minimum-impulse-bit achievable. For this application, custom made polymers are
often used, with high ablation efficiency [42]. Thrust stands [85], time-of-flight mass
spectrometry [39], and high-speed images of the plume [58] are some of the most
commonly used techniques to analyze LAP.

Time-of-flight mass spectrometers have been analyzed for in-situ analysis of
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planets and small bodies [81,113]. In addition, laser ablation has been used to
simulate the space weathering effect on moon regolith, since the timescale and energy
of a 10 ns laser pulse are comparable to that of a micrometeoroid impact [68].
However, relatively little experimental research has been conducted focusing
on LAP of asteroid materials. Of the ongoing research [31,60], no experiments
have been conducted using a pulsed laser to the author’s knowledge. In this paper,
ablation of augite pyroxene (commonly found in silicaceous S-Type asteroids [114]),
using a sub-nanosecond pulsed laser is analyzed. A time-of-flight mass spectrometer
developed by the authors is used to characterize the two-dimensional distribution
of the ions in the plasma plume as a function of speed and mass-per-charge. For
more a more detailed discussion about the design and theory of the spectrometer
used, see [98,115]. From the distribution, the specific impulse (/,,) is calculated. A
two-dimensional distribution allows for a more accurate calculation of I,, as well

as provides more insight about which ions are most contributing to the I,.

5.3 Experiment Setup

The Photonics Industries model SN-1064-40 laser is used, which has a 0.7 ns
pulse width and 1064 nm wavelength. The pulse rate is set to 40 kHz, with each
pulse having energy of 827 uJ, corresponding to 33 W average power. Ablation of
aluminum at optimal focus was examined using a scanning electron microscope, and
the diameter of the ablation spot was found to be 50 ym. From this, the peak fluence

of the laser is found to be 42 J/cm?. Individual pulses are fired by activating an
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opto-electric shutter. The laser pulse, as observed by a fast photodiode, marks the
start of the flight time. The laser is then focused to the center of a vacuum chamber
(1 mPa nominal operating pressure), where the pyroxene target is held in place by
an aluminum mounting bracket. This bracket is connected to XYZ translational
stages using a Macor slab, to insulate the stages.

The pyroxene sample was procured from Wards Science (item #470015-436),
and was custom cut to a 50x50x4 mm slab. It was then sanded using T414 fine-grid
sandpaper. Even after sanding, the surface had clear macroscopic imperfections.
The focused laser spot is on the order of 0.1 mm, so the imperfections may affect
the resulting ablation plume. After sanding, the target is cleaned with isopropyl
alcohol, then placed in an ultrasonic water bath for 5 minutes, and allowed to dry

for at least 24 hours. Figure 5.1 shows the pyroxene in the chamber.
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(b)

Figure 5.1: Pyroxene target mounted in vacuum chamber. (a) Pyroxene with laser
off; (b) Pyroxene with the laser firing at 40 kHz, and the target moving from the
right to the left at 2 mm/s.
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The laser hits the target at a 45° angle, and the target is oriented so the
normal to its surface is in-line with the TOF-MS. It has been found that plumes
resulting from ablation of metal are directional with a cos™(0) dependence, where
6 = 0 is normal to the surface [39,116]. Multiple pulses at the same ablation spot
will t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>