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ABSTRACT

Analysis of Active Rubidium Photo-Ionization Concept for Spacecraft Shielding from High
Energy Neutral Beams

Rohan Jillapalli
Department of Aerospace Engineering
Texas A&M University

Research Faculty Advisor: Dr. Christopher Limbach
Department of Aerospace Engineering
Texas A&M University

Recently, a new beamed propulsion concept based on self-guiding of combined laser and
particles beams has been proposed for interstellar travel. By firing high velocity neutral rubidium
atoms at the spacecraft, speeds up to 7.5% the speed of light could be achieved. One hurdle this
project must overcome is how to protect the spacecraft from damage caused by collisions with the
high speed particles. A proposed solution is to have the spacecraft generate a magnetic field and
have the particles interact with this field rather than the spacecraft directly. Before the particles can
be stopped and redirected by the magnetic field, however, they must first be ionized.

This thesis details a modeling study of a two-step photo-ionization process as a means to
ionize the incoming flow. To analyze this approach, radiative processes, beam divergence, beam
attenuation, and laser/absorption lineshapes were all considered. Additionally, an iterative method
was developed to overcome a boundary condition problem that arose due to the unique layout of
this mission concept. The final model predicts the percentage of particles that will be ionized
before impacting the spacecraft given various mission input parameters.

The initial results showed that with realistic mission parameters the percentage of particles

that would be ionized before reaching the spacecraft was too low to adequately protect the space-



craft. The cause for the low ionization percentage was found to be low efficiency ionization using
the proposed two-step photo-ionization process. A subsequent study was conducted on alternative
ionization schemes using the high energy Rydberg states of the rubidium atom. The results of this
study showed that using the Rydberg states could lead to a much more efficient ionization process
which in turn could lead to the majority of particles being ionized and stopped by the magnetic

field.
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Einstein A coefficient for spontaneous emission
Einstein B coefficient for stimulated absorption
Einstein B coefficient for stimulated emission
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1. INTRODUCTION

1.1 Self-Guided Beamed Propulsion Concept

At the Laser Diagnostics and Plasma Devices Laboratory (LDPDL), Dr. Christopher Lim-
bach and graduate student Hayden Morgan are developing an interstellar self-guided beam propul-
sion system as part of the NASA Innovative Advanced Concepts (NIAC) program [1]. Their idea
is to send a beam of high speed rubidium atoms at a spacecraft to achieve speeds as high as 7.5%
the speed of light to enable interstellar missions to planets such as Proxima Centauri b. One of
the key elements in their concept is a self-guiding effect that is created by overlapping the particle
beam with a laser beam. This overlap enables two mutual interactions to take place; optical dipole
forces draw the particles into the laser and refraction focuses the laser onto the particles. The re-
sulting hybrid beam is kept narrow and does not diverge over large distances like a pure particle or
pure laser beam would as shown in (Figure 1.1). This leads to greater momentum transfer to the
spacecraft, even when the spacecraft is far away from the beam source. The ability to generate a
low diverging beam allows for the propulsion method to be removed from the spacecraft, reducing
its mass and power requirements. It is critical to note that in order for the self-guiding effect to

take place, the rubidium particles must be neutral (i.e. uncharged).

1.2 Problem Statement: Protecting the Spacecraft

One of the key questions that must be answered before this propulsion concept can be
implemented is how do we protect the spacecraft from collisions with the high speed rubidium
particles. A proposed solution, offered by NASA engineer Dr. Geoffrey Landis [2], is to generate
a magnetic field around the spacecraft and have the particles interact with this field rather than
the spacecraft directly. Before the rubidium particles can be stopped by the magnetic field, they
must be ionized. The particles, however, must be neutral as they propagate towards the spacecraft
to ensure the self-guiding effect remains. This conflict necessitates an ionization method that can

occur close enough to the spacecraft to prevent the beam from diverging too much but far enough
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Figure 1.1: Self-guided beam compared with pure particle and pure laser beams.

away from the spacecraft to allow sufficient time for the ionization process to take place. The
goal of the research presented in this thesis is to model the process of rubidium ionization by an
on-board laser and predict the percentage of particles that can be ionized before collision with the

spacecraft.

1.3 Two-Step Photo-Ionization

To ionize the rubidium particles, enough energy must be provided to excite them from the
atomic ground state to above the ionization threshold. A method known as photo-ionization will
be used to provide energy to the neutral, ground state rubidium atoms [3]. If we used a one-step
photo-ionization scheme, a single deep ultraviolet laser would be needed, which is not available.
In addition, the laser would consume too much power for a feasible mission concept. Instead,
a two-step photo-ionization scheme was chosen in which the ionization process is split into two
parts. First, one laser provides enough energy to excite the particles from the starting ground state
to an intermediate excited state. Then, a second laser provides enough energy to excite the particles
from this intermediate excited state to the ionization continuum [3]. This process can be seen in
(Figure 1.2). In our mission, the first step will be carried out by a small laser mounted on-board the

spacecraft. The second step will be carried out be the overlapped guiding laser that is propagating



with the rubidium particles. This arrangement can be seen in (Figure 1.3).

One-Step Photo-Ionization Two-Step Photo-Ionization
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Figure 1.2: Photo-ionization scheme comparison.
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Figure 1.3: Two-step photo-ionization laser and particle arrangement.
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2. METHODS

In this section, the methods used to create the rubidium ionization model will be described.
At this point, it is important to note that two different transitions to the intermediate excited state
were examined: the 780.0 nm transition to the 5P/, state and the 420.2 nm transition to the 63/,
state. As seen in (Figure 2.1), the 780.0 nm transition has a more simple, 3-level energy diagram
compared to the 7-level 420.2 nm transition. Therefore, the two-step photo-ionization process was
modeled using the 780. nm transition first. The 420.2 nm transition was considered because of the
higher energy intermediate excited state. The mission concept uses a 1 micron high power laser to
achieve self-guiding. This wavelength is too high to ionize from the 5P, but is sufficient to ionize
from the 6 P35 level. Once the model was working with the simpler 780.0 nm case, the 420.2 nm
case was implemented. In this section, a general notation will be used to describe the methods as
they were identical for both the 780.0 and 420.2 nm transitions. The differing results of the two
transitions are presented and discussed in the Results section.
2.1 Rate Equations

To begin modelling the two-step photo-ionization method we must consider the radiative
processes the rubidium particle can use to transition between different states. Through stimulated
absorption, ionization, stimulated emission and spontaneous emission, the rubidium particles can
populate and vacate different levels. The direction of each radiative process can be seen in (Figure
2.1). When all the processes are summed together, a system of equations can be created that
describe the number density of each state as a function of time. These equations are called Rate

equations.
2.1.1 Stimulated Absorption

When a particle undergoes stimulated absorption it absorbs a photon from the excitation

laser and moves from the ground state to the intermediate excited state [4]. The amount of energy

11
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Figure 2.1: Energy diagrams for the 780.0 and 420.2 nm transitions.

that is absorbed depends on the frequency of the photon as seen in the following equation:

E, — E; = hv (Eq. 1)

where E and E; are the energies of the upper and lower states respectively and v is the frequency
of the absorbed photon.

The rate at which stimulated absorption populates the intermediate excited state is given by

the following equations:

Rt avs = Birp(v)N; (Eq. 2)
By, = g_’ka:i (Eq. 3)

V) Ege
pv) = / %w (Eq. 4)
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where B is the Einstein B coefficient for stimulated absorption, By; is the Einstein B coeffcient
for stimulated emission, g, and g; are the degeneracies of the upper and lower states respectively,
p(v) is the spectral energy density, /V; is the number density of the lower state, g(v) is the lineshape

function, and /g, is the excitation laser intensity.
2.1.2 Ionization

Ionization is similar to stimulated absorption, however, the photon that is absorbed comes
from the ionization/self-guiding laser rather than the excitation laser. The rate at which particles

are ionized from the intermediate excited state is given by the following equations [5]:

RIon = '.)/zNz (Eq 5)
Ui[ on
Y= (Eq. 6)
Wi

where +; is the ionization rate coefficient, o; is the photo-ionization cross-section, and w; is the

angular frequency from the intermediate excited state 7. I;,, is the intensity of the ionization laser.
2.1.3  Stimulated Emission

Stimulated emission occurs when an atom that is already in the excited state encounters a
photon from the excitation laser [4]. The result is that the excited particle will release a photon of
energy of equal frequency to the encountered photon. The particle will decay back down to the
ground state and the 2 photons of energy will return to the excitation laser.

The rate at which stimulated emission occurs is given by the following equation:

Rst. gm = Brip(v) Ny, (Eq. 7)

where Ny is the number density of the upper state.

13



2.1.4 Spontaneous Emission

The final radiative process, spontaneous emission, occurs when a particle in one of the
excited states spontaneously releases a photon is a random direction [4]. The result is that the
particle will decay to either a lower excited state, or to the ground state if no transition to a lower
excited state exists. Unlike in stimulated emission, the photon of energy that is releases does not
go back to the excitation laser. Instead, the photon of energy is considered lost from the system.

The rate at which spontaneous emission occurs is given by the following equations:

Ry gm = AkiNj (Eq. 8)

Api = 87th—jBki (Eq. 9)
where A;; is the Einstein A coefficient.

The majority of Einstein A coefficients were taken from the National Institute of Standards
and Technology (NIST) Atomic Spectra Database [6]. The Einstein B coefficients were then calcu-
lated from these values using Eq. 9. However, not all of the Einstein A coefficients were listed on
NIST. The missing coefficients were calculated using oscillator strength data that was tabulated in
a paper by Miles and Harris [7]. Using the oscillator strengths, the missing Einstein A coefficient

can be calculated using the following equation [8]:

€omec’

Jri =

= 2 2
2y e

where fj; is the oscillator strength.
2.1.5 System of Ordinary Differential Equations

With a method to calculate the rate for the four radiative processes, we can construct the
system of differential equations governing the excitation dynamics. These equations are valid so
long as the atomic response or excitation laser is incoherent [9]. The number of differential equa-

tions is equal to the number of states in the system. Therefore, the 780.0 nm transition will have

14



three equations, and the 420.0 nm transition will have 7 equations. Each equation is constructed by
adding the rates of each radiative process that populates the state and subtracting the rates of each
radiative process that vacates the state. For example, (Figure 2.1) shows that State 6 for the 420.2
nm transition has 1 radiative process populating it and 5 radiative processes vacating it. Therefore,

the rate equation for State 6 is given by the following:

dN;
d_tﬁ = Bisp(v) N1 — Aes No — A6aNo — As1No — Be1p(v)No — 7iNe (Eq. 11)

Repeating this process for each state yields a system of ordinary differential equations which when
solved simultaneously, gives the number density of each state as a function of time. It is worth
noting that an additional equation can be constructed from the conservation of the total number of
rubidium particles. For future calculations, it would be more convenient if the equations produced
the number density of each state as a function of position. To do this, a constant relative velocity
between the rubidium particles and the spacecraft, ug.;, is assumed. This approximation is valid
because the beam is mono-energetic and the overlapped laser provides negligible additional accel-
eration. Using the constant relative velocity, the new differential equations can be calculated as the
following:

dN; dN; _
e UpL, (Eq. 12)

Solving the new system of differential equations will yield the number density as a function of
position as desired.
2.2 Excitation Laser Divergence

Now that the number densities of each state can be calculated, we can consider the decrease
in laser intensity as a function of position. This decrease in the intensity of the excitation laser can
be attributed to two sources: divergence and attenuation.

The excitation laser, which is mounted on board the spacecraft as shown in (Figure 1.3),
does not benefit from the self-guiding effect like the ionization laser. This results in the excitation

laser diverging as it propagates away from the spacecraft and towards the rubidium particles. This

15



increase in area leads to a decrease in laser intensity as shown in (Figure 2.2). The angle of

divergence can be approximated with the following equations:

/\acc
@_ E

dEmc

(Eq. 13)

Where A g, is the wavelength of the excitation laser and d g, is the initial diameter of the excitation

laser. It is important to note that the decrease in excitation laser intensity due to divergence is solely

due to an increase in area and not on a decrease in power.

Excitation Laser Divergence
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Figure 2.2: Excitation laser divergence. Laser is propagating from right to left.

2.3 Excitation Laser Attenuation

2.3.1 Beer-Lambert Law

Another cause for the decrease in excitation laser intensity comes from a loss in power.

As the excitation laser passes through the ground state rubidium atoms, it will attenuate power to

excite the particles to an intermediate state. The resulting intensity profile can be calculated using

16



the Beer-Lambert Law:

Upoe _ —o(z)dzx (Eq. 14)
]Emc
h
a(x) = —(Ny(z) * By — Ni(z) * Bu) (g(v) * 7”) (Eq. 15)

where « is the attenuation coefficient.

It can be seen from Eq. 14, and Eq. 15 that in order to calculate the intensity profiles, we
must first know the number density profiles across the region of interest. Looking at Eq. 4 and Eq.
11, however, it can also be seen that the number density profiles depend on the intensity profiles.
This mutual dependence between the number density and intensity profiles suggests that the two
need to be calculated simultaneously. Next, we consider the proper specification of the boundary

conditions needed to solve these equations.
2.3.2 Boundary Condition Problem

As shown in (Figure 1.3), the rubidium particles and the excitation laser propagate in op-
posite directions. Therefore, the rate equations are posed with initial data on the left side of the
domain, whereas the laser initial data is on the right boundary. That is, the number density profiles
are calculated using the rate equations from left to right whereas the intensity profiles are calcu-
lated using the Beer-Lambert law from right to left. The boundary condition for the rate equations
is known on the left side where we assume all particles begin in the ground state. The boundary
condition for the Beer-Lambert Law is known on the right side as the initial intensity of excitation
laser before divergence or attenuation. This can be seen in (Figure 2.3). Therefore, there does
not exists a point in the spatial domain in which both the number density and intensity are known.
This makes it impossible to solve the rate equations and the Beer-Lambert Law directly to obtain

the desired number density and intensity profiles.

17
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Figure 2.3: Counter-propagating intensity and number density profiles.

2.3.3 Iterative Method

To overcome the boundary condition problem, an iterative method was developed to determine

the intensity and number density profiles. The steps of the process are listed:

1.
2.

6.

Make a guess for the intensity profile.
Use the intensity profile to solve for the spectral energy density.

Use spectral energy density to solve the rate equations and obtain the number density pro-
files.

Use number density profiles to solve for the attenuation coefficient.

Use the attenuation coefficient to solve the Beer-Lambert Law for an updated intensity pro-
file.

Return to Step 2.

The results of this iterative method is an intensity profile that converges to a solution with

self-consistent density and intensity profiles as seen in (Figure 2.4). (Figure 2.5) shows how the

intensity profile of each subsequent iteration converges. Using the converged intensity profile, the

rate

equations can be solved to obtain the number densities of each state.

18
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2.4 Lineshapes

To correctly model the frequency dependent interaction between the excitation laser and
the rubidium particles, we must implement the lineshapes of each. When the excitation laser is
tuned to the atomic transition frequency, not every photon will be at precisely the same frequency.
Instead, some portion of the photons will be at a higher frequency and some portion will be at a
lower frequency. Similarly, when stimulated absorption occurs, it is possible that a ground state
particle absorbs a photon of energy, even if the exciting photon is not precisely at the atomic
transition frequency. The interaction of these two lineshape functions can describe the frequency
dependent excitation of the atomic beam and the attenuation of the laser beam, both of which are

critical in analyzing the effectiveness of the ionization scheme.
2.4.1 Excitation Laser Lineshape

Though it would be ideal if every photon emitted from the laser was at the tuned frequency,
the reality is that the laser will operate over a narrow range of frequencies. The distribution of the
excitation laser photons over the range of frequencies is described with a Lorentzian lineshape [4]:

Av I

L) = o a2 + (Bos2 (Eq. 16)

where Avy, is the full width half maximum (FWHM) of the excitation laser. The Lorenztian
lineshape has a maximum value at the center and decreases as the distance from the center fre-
quency increases. One key element of the lineshape is it must be normalized. That is to say,
integrating the Lorentzian lineshape over frequency should return unity. By using the Lorentzian
function to model the laser beam in terms of frequency and including the spatial divergence of the
laser beam, a spatial and frequency dependent model of the laser beam can be constructed. This
true laser intensity profile is then used to evaluate the interaction of the excitation system with the
atomic beam. Lastly, the effects of laser beam attenuation due to the excitation of rubidium atoms
can be taken into account to accurately model the decay in laser intensity in both the spatial and

frequency domains.
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2.4.2 Absorption Lineshape

The absorption lineshape is less trivial than the excitation laser as it is the convolution
of two lineshapes caused by two different broadening mechanisms: natural and thermal Doppler
broadening. Natural broadening is caused by the variation in lifetimes of the particles in the ex-
cited state. When the particle decays back to a lower energy state, the frequency of the photon
emitted can occur over a range of values. The natural broadened lineshape is also modelled using
a Lorentzian lineshape [4]:

Av,

L) = Sz + (o2 (Fa- 17

This time, however, the FWHM, Av,,, is calculated using the sum of the spontaneous emission

coefficients from the excited state:

1
Avy = o > Ay (Eq. 18)

As before, the lineshape must be normalized.

The second absorption broadening mechanism is thermal Doppler broadening. Doppler
broadening stems from the velocity distribution of the atoms in the jet. The direction of motion
the atom is traveling in relative to the laser propagation vector at the moment of excitation is what
yields the Doppler shift. The typical Doppler broadening mechanism is the velocity distribution
stemming from the temperature of the atoms. The Doppler broadened lineshape can be described

with a Gaussian profile [3]:

)\Ezc 6_( Ay )

vp/AExc
7T1/2Up

F(v) = (Eq. 19)

v, =/ 2KT /m (Eq. 20)

where v,, is the most probably velocity 7' is the temperature and m is the atomic mass of the
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particles. As with the Lorentzian lineshapes, the Gaussian lineshapes must also be normalized.
Though other broadening mechanisms exist, they are negligible in the context of this mission.

A convolution of the natural broadening Lorentzian profile and the Doppler broadening
Gaussian profile is necessary to describe their contributions to the absorption profile. The combi-
nation of these two broadening mechanisms yields the Voigt profile. This Voigt profile is then used
in comparison with the laser lineshape to model atom excitation and laser attenuation.

2.5 Energy Conservation

Energy conservation is calculated to ensure that the obtained results provide a self-consistent
description of the excitation process. To check for energy conservation, we consider the power ab-
sorbed through a control volume as seen in (Figure 2.6). The power absorbed can be calculated

with both the number density and intensity profiles using the following equations:

pAbs,Num.Den = (Bksz: - szNl)(P(V))(hV) (Eq 21)

I(x —dz) — I(x)
dx

PAbs,Int. = (Eq 22)

The power absorbed due to the number density described the energy required to move the ground
state particles into the intermediate excited state. The power absorbed due to the intensity describes
the energy lost in the excitation laser to carry out the transition. If energy is conserved, these two
power absorbed values should be equal.

The energy conservation check for the 780.0 nm case is shown in (Figure 2.7). The relative
error between the power absorbed calculated through the Beer-Lambert Law and the rate equations
does not exceed 1.5%.

The energy conservation check for the 420.2 nm case is shown in (Figure 2.8). The relative
error between the power absorbed calculated through the Beer-Lambert Law and the rate equations

is 23.28%.
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Figure 2.6: Power absorbed control volume.
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Figure 2.7: 780.0 nm transition power absorbed energy conservation check.

2.6 Rydberg States

The results of the model, which are presented in detail in the Results section, showed
that with the standard two-step photo-ionization scheme the percentage of particles that would be
ionized before reaching the spacecraft was insufficient. The cause for the low ionization percentage
was determined to be a low efficiency ionization. Once particles were in the intermediate excited

state, the majority would decay back down to the the ground state through spontaneous emission
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Figure 2.8: 420.2 nm transition power absorbed energy conservation check.

rather than be promoted up past the ionization threshold. This process can be described by a

parameter we define:

Vi
ER =
> Api

where E'R is the efficiency ratio of the ionization process.

(Eq. 23)

To increase to the ionization percentage, we wish to increase the efficiency ratio. This
lead to a study on the high energy Rydberg states of the rubidium atom. Rydberg states are energy
states that exist very close to the ionization threshold. The two advantages of these states are a high
threshold ionization cross-section which increases in the ionization coefficient and a high probable
lifetime which leads to a low probability of spontaneous emission.

The effectiveness of the Rydberg states was studied using a model to calculate the probable
lifetime and ionization cross-sections at each energy level [10]. This model is based on quantum
defect theory [11] in which alkali-metals are treated as expanded hydrogen atoms. The results of
the model showed that a higher efficiency ratio, and thus higher ionization percentage, could be

achieved using the d-orbital Rydberg states. These results can be seen in the (Results) section.
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3. RESULTS

In this section, the results of the developed rubidium ionization model will be presented.
Two transitions were examined: 780.0 nm and 420.0 nm. After presenting and discussing the
results of each transition, the results of the Rydberg model [10] will be discussed.
3.1 780.0 nm Transition

As mentioned previously, the 780.0 nm transition was studied first due to its simple 3-state
model. The proposed mission calls for a guiding laser with a frequency close to 1 micron. This
frequency is too low to ionize from the 5P/, state. Nevertheless, the results of this transition are
still useful and help validate the methods used for modelling desired 420.2 nm transition.

One of the main purposes of the model was to act as a design tool in which various mission
input parameters could be entered. The following results are calculated using the mission input

parameters found in (Table 3.1).

Table 3.1: Mission Input Parameters for the 780.0 nm Transition

Parameter Value
Ig.. 100 [W/m?]
Iron 109 [W/m?]

Iterations 30

NToml ]-014 [1/m3]
T0,Exc 0.01 [m]
TIon 04 [m]
URel 1000 [km/s]
AEzc 780.0 [nm]
Alon 479.0 [nm]
VL 1 [GH=z]

The intensity of the 780.0 nm transition attenuates very quickly. It can be seen in (Figure

3.1) that the intensity of laser is near zero after propagating less than 0.4 meters from the spacecraft.
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We can also see that the intensity of the laser is highest at the center frequencies and attenuate

quickly as you move outwards.

Intensity Profile “108

Distance [m]

-8 6 -4 2 0 2 4 6 8

Frequency Offset [Hz X108

Figure 3.1: 780.0 nm transition intensity profile.

This rapid attenuation of the excitation laser is reflected in the number density profiles
shown in (Figure 3.2). The ground state rubidium particles do not undergo stimulated emission
that is consequential to the dynamics of the spacecraft until very close to the spacecraft where the
intensity of the excitation laser is substantial. Because the excitation process does not begin occur-
ring until very close to the spacecraft, there is insufficient time for meaningful ionization to take
place. The result is that only 3.1841% of the starting rubidium particles are ionized before impact
with the spacecraft. The efficiency ratio of the process is only 0.0095. In other words, for every
1 rubidium particle that undergoes ionization, approximately 100 particles undergo spontaneous
emission and decay back down to the ground state.

Though not the primary transition of interest, the 780.0 nm transition shows us that with

the realistic mission input parameters, the two-step photo-ionization method is highly inefficient.
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0 Number Density vs. Distance (lteration = 30) for 780.0 nm Transition
T T T T | T

—585(1/2)
oH—>5P(3/2)
lonized

10

Number Density [atoms/m3]

-1 09 0.8 -0.7 -0.6 0.5 -0.4 -0.3 0.2 -0.1 0
Distance [m]

Figure 3.2: 780.0 nm transition number density profile.

3.2 420.2 nm Transition

For the mission, the 420.2 nm transition was the most desirable due to the higher energy of
the 6.5, excited state. From this state, an ionization laser with a wavelength of 1 micron is capable
of energizing the excited particles up past the ionization threshold. Therefore, the results of the
420.2 nm transition were of highest relevance and interest. The following results are calculated
using the mission input parameters found in (Table 3.2).

The excitation laser intensity attenuation for 420.0 nm transition is much less than the for
the 780.0 nm transition. (Figure 3.3) shows that the laser attenuates to near zero intensity after
propagating 18 meters from the spacecraft. This is over an order of magnitude greater than the
780.0 nm case.

The lower attenuation means that excitation and ionization can occur earlier leading to
an improved ionization percentage as shown in (Figure 3.4). The attenuation, however, is still
too high to ionize the majority of the rubidium particles. With the mission input parameters, an

ionization percentage of 31.188% was obtained. The efficiency ratio of this process was 0.1945.
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Table 3.2: Mission Input Parameters for the 420.2 nm Transition

Parameter Value
Iae 100 [W/m?]
Iion 10% [W/m?]

Iterations 30

Niowl | 107 [1/m?]

T0,Exc 0.01 [m]
TIon 0.4 [m]
URel 1000 [km/s]
AEze 420.2 [nm]
Aon 1000 [nm]
vy, 1 [GHz]

Intensity Profile <10

N

Distance [m]

-1 -0.8 -0.6 0.4 0.2

0.4 06 08 1

Frequency Offset [Hz] x10!

Figure 3.3: 420.2 nm transition intensity profile.

This means that for every excited particle that is ionized, approximately 5 particles decay back
down to the ground state. Again, these result are much better than the 780.0 nm case but are still
lower than what we would like to successfully protect the spacecraft.

The results for the 420.2 nm case show that though we get an improved ionization percent-

age of 31.2%, we are still not ionizing efficiently enough the increase that percentage to where we
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10" Number Density vs. Distance (lteration = 30) for 420.2 nm Transition
10 T T T T

—55(1/2)
sH—5P(1/2) 1
5P(3/2)
®—4D(5/2)
l—6s(1/2) |

6P(3/2)
s l—lonized

Number Density [atoms/me’]

-30 25 20 -15
Distance [m]

Figure 3.4: 420.2 nm transition number density profile.

would like. To confirm that low efficiency ionization was the cause of the low ionization percent-
age, the efficiency ratio was artificially increased to 1. The result, shown in (Figure 3.5), was an
ionization percentage of 92.493%. This leads us to believe that if we are able to identify a more

efficient ionization process, majority ionization is still possible using photo-ionization.

3.3 Rydberg States Study

A possible method of increasing the efficiency ratio by using the high energy Rydberg
states was identified. These states are characterized by a low probability of spontaneous emission
and a high ionization cross-section leading to a high probability of ionization. The results of the
adapted rubidium Rydberg model [10] are shown in (Figure 3.6). Two different ionization wave-
lengths are considered. The 1 micron wavelength was studied because it is the current wavelength
of the guiding laser. The 1.5 micron wavelength was studied to observe the effects of increasing
the ionization wavelength. The efficiency ratio of the S- and P-orbitals are lower than the ratio
of the 420.2 nm transition. This suggests they would not be useful for increasing the ionization

percentage. The D-orbital, however, has greatly increased efficiency ratios. For principal quantum
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10 0" Number Density vs. Distance (lteration = 30) for 420.2 nm Transition with Artificial Efficiency Ratio
I I I T I I I I

—58(1/2)

s1—>5P(1/2)
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s |—lonized !

Number Density [atoms/m3]
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0

-20 -18 -16 -14 -12 -10 8 -6 -4 2 ]
Distance [m]

Figure 3.5: 420.2 nm transition number density profile with artificial efficiency ratio.

numbers between 10 and 20, the efficiency ratio of the D-orbital is greater than 1. The results of
this model have not been verified with experimental data. If accurate, however, the results indicate
an ionization scheme using D-orbital Rydberg levels would provide the highest efficiency.

It is important to note that the efficiency ratios shown in (Figure 3.6) cannot be directly
compared to the efficiency ratio reported for the 420.2 nm case because it is not possible to ion-
ize ground state rubidium particles from the D-orbital using two-step photo-ionization. If the
D-orbitals are to be used, they would require a more complicated ionization setup, likely involving
two excitation lasers. The large efficiency ratios of the D-orbitals, however, are quite motivating. It
is possible that this more complicated ionization process could yield the high ionization percentage

needed to successfully protect the spacecratft.
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Figure 3.6: Efficiency ratio from Rydberg excited states.
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4. CONCLUSION

The self-guiding beamed propulsion system currently being developed could enable amaz-
ing mission farther than we have ever gone before. For these mission to be successful, it is vital
that the spacecraft not be destroyed by the propulsion system. The work presented in this thesis
examined a proposed solution to help protect the spacecraft from the high speed rubidium particles.

A two-step photo-ionization model was created to determine if enough rubidium particles
would be ionized before impact with the spacecraft. Rate equations were implemented to describe
the rate at which each state was populated and vacated. The beam divergence and the Beer-Lambert
Law were used to describe the decrease excitation laser intensity as it spreads and energized the
ground state rubidium particles respectively. Lineshapes were added to accurately model the fre-
quency dependent interaction between the excitation laser and the absorption feature. Finally, the
energy conservation was checked using the power absorbed from both the rate equations and the
Beer-Lambert Law. The results showed that though ionization was possible, the final ionization
percentage of 31.2% allowed too many neutral particles to by pass the magnetic field and impact
the spacecraft. The reason for the low ionization percentage was attributed to the low efficiency
ratio of the two-step photo-ionization method.

In response, a study was performed on the high energy Rydberg states using a model based
on quantum defect theory. Though the results have not yet be verified, they showed that if ioniza-
tion occurred from a high energy D-orbital state, the efficiency of the ionization process could be
orders of magnitude greater than what we were obtaining with a standard two-step photo-ionization
method. Certainly, the results warrant further investigation as this could be the key to increasing
the ionization percentage and allowing the interstellar spacecraft to be protected by the generated

magnetic field.
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