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ABSTRACT
Ultracold Neutral Plasma Physics at Room Temperature

Joshua Mitchell Wilson
Department of Physics and Astronomy
Bachelor of Science

It has been shown that under certain conditions, the characteristics of ultracold neutral plasmas,
can be reproduced in laser-produced plasmas at room temperature. We are attempting to see more
fully how true this is, by trying to control the electron temperature in a laser-produced plasma.
We expected that by decreasing the intensity of our laser when we ionize our gas we would see
the expansion of our plasma slow down, and hence deduce that the electron temperature had been
lowered. We had difficulty observing this result experimentally. We modeled the system and
found that if we increase our laser intensity, we should be able to observe the phenomenon we had
hypothesized. The experimental and modeling processes are here outlined, as well as thoughts on
how to improve the experiment in the future.
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Chapter 1

Introduction

1.1 Overview

A plasma is a collection of charged particles. Since the advent of lasers, a common way to make
the ions for a plasma is with a laser. This is done in multiple ways, but the two we are interested in
are "photo-electric" ionization and "strong-field" ionization.

In photo-electric ionization, the energy in the electric field of a specific laser wavelength
matches the energy that is binding an electron to its parent atom. This causes the electron and
the atom to dissociate [1]. It is this sort of ionization that is used in the creation of ultracold neutral
plasmas, (UNPs). An UNP is a plasma in which the atoms have been cooled to a very low tem-
perature, as low as 10 uK, and then ionized [2]. There is currently a lot of exciting research being
done in UNPs.

For strong-field ionization the laser is made to be so intense that the electric field of the laser
overwhelms the electric field holding the electron to the atom, and the electron just wanders away
from its parent [3]. Plasmas made in this fashion are called laser-produced plasmas, (LPPs). It has

been shown that under certain conditions the plasmas that are created by strong-field ionization
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can behave like UNPs in ways that would allow us to test some of the same dynamics in both
plasmas [4].

To test the extent to which this is true, we would like to show that we can control the electron
temperature in our LPP by decreasing the intensity of the laser when ionization occurs. If we can
do this, we could begin experiments using a series of tailored laser pulses from our laser to try and
achieve a high Coulomb coupling parameter

Z’q;
- Aregay,eky
where Z is the ionization state, g, is the electron charge and a,, is the Wigner-Seitz radius [4].
This parameter I, is currently of fundamental interest to many physicists, and using a series of
pulses from our high-intensity laser source would be a new and possibly more simple way to reach

a higher value of I then has been possible in UNPs [5].

1.2 Electron Temperature

To know if we are controlling the electron temperature in our plasma, we need to be able to measure
the electron temperature. In UNPs, or any photo-electric produced plasma, this is very simple [6].
The electron is bounded by a certain potential energy, and if a gas is ionized using a specific laser
energy the electrons in the plasma will have an average kinetic energy given by the difference
between the laser energy and the ionization potential. If this energy difference AE is known, then
the electron temperature can be extracted using 3/2k,T, = AE.

LPPs are fundamentally different in the way that the plasma is created, and the electron tem-
perature cannot be extracted so easily [7]. It is possible to extract by measuring the rate at which
the plasma is expanding once it is created since veypm; = kT, [4]. This method is known to be
correct under many conditions four UNPs and for LPPs. We wanted to explore the limits of this

technique for LPPs and have built our experiment in such a way that do so. This set up, and the
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some of the motivation for it, will be discussed in more detail in Chapter 2.



Chapter 2

Experiment

2.1 Optical Layout

In our experiment we use a 35 fs laser with a center wavelength at 800 nm. Figure 2.1 shows a
schematic diagram of the laser’s optical path. The laser is polarized in tn the plane of the optical
table. The first optic encountered by the laser is a 95%-5% beam splitter. The stronger 95% beam
(which we refer to as the ionizing beam) is then directed around the experiment and focused into
our gas jet.

The weaker 5% beam is first directed into a slightly misaligned Michelson-Morley Interfer-
ometer. The mirror pair that directs the beam into the interferometer is on a moveable 1 m delay
stage. There are two beams coming out of the interferometer which are slightly out of phase with
each other. They are referred to as the probe and reference beams. These beams pass through a
half-wave plate that gives them polarization perpendicular to the surface of the table. The beams
are then recombined with the ionizing beam on a 50%-50% beam splitter, whereupon they proceed
towards the gas jet with the ionizing beam.

Depending on the delay stage position, the probe and reference beam arrive at varying times
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Figure 2.1 The set up of our experiment. The geometry has been simplified to save space
and is slightly different than the actual set up.

after the ionization of the plasma has taken place. The probe beam passes through the plasma, and
the reference beam passes just outside of the plasma. These two beams overlap in the far field and
interfere with one another. The resulting interference pattern is viewed on our measurement CCD

camera.

2.2 Alignment Procedures

A large element of our experiment is proper alignment. It is essential that the probe beam passes
right through the plasma, and that the reference beam does not. It also is very important that the
ionizing beam is centered in the gas jet.

When the ionizing beam is recombined with the probe and reference beams, it is on a 50%-50%
beam splitter. So half of the total beam intensity goes to the vacuum chamber, and the other half
goes to an alignment camera. The ionizing beam is much stronger than the probe and reference

beams. To deal with this power mismatch we use an un-coated optic close to Brewster’s angle. All
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three laser beams reflect off of this optic. This cuts the intensity of our ionizing beam substantially
without having such a strong affect on the other two beams.

The three beams are now at nearly the same intensity. They all pass through a lens and are
focused on the alignment camera. We then align the ionizing and probe beams so that they overlap
on the camera using only the 50%-50% beam splitter to adjust them. Because of the symmetry of
our set up, if the beams are perfectly aligned on the camera, they will also be aligned at the focus
of the lens in the gas jet. We overlay the probe and ionizing beam and offset the reference beam.

We also use the polarization of the light to minimize the ionization laser beam intensity on
the measurement camera after the vacuum system. The laser beams are directed to the camera by
another un-coated optic near Brewster’s angle, so that the interference fringes are reflected and
the ionizing beam is dramatically reduced. This once again protects our camera and allows us
to observe the interference fringes due to the probe and reference beams, while mitigating the

background light from the ionizing beam.

2.3 Data Processing

When we were taking data, the information of interest was the phase shift in the interference
pattern due to a plasma, relative the interference pattern when there was no plasma. This was
detectable as a pixel shift in the fringe pattern on our measurement CCD camera. Figure 2.2has at
the top an image of fringes with a plasma, and at the bottom an image with no plasma present. We
would align our system and then run a LabVIEW program to store the image of our fringes. The
LabVIEW program would record images when there was a plasma and when there was no plasma
a designated number of times and would store the information.

Originally the LabVIEW program would tell the user to either "block" or "un-block" the ioniz-

ing beam, and then the user would manually tell the computer when this was done. This was a very
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Figure 2.2 An example from a data set where you can see the ionized and unionized data
sets with their corresponding sinusoids. The sinusoids are analyzed to find the phase shift
A¢. The x axes on the fringes are pixel number, and on the sinusoids the x-axis is pixel
number and the y-axis is normalized intensity.

time consuming method with a large margin for user error in the taking of data. It also extended
the amount of time associated with a single data set, allowing for possible fluctuations in our setup.
To fix this problem we made beam blocks connected to solenoids that could be controlled by Lab-
VIEW. That way the blocking of the beams was controlled by the computer making the process
faster and more reliable.

Once the computer had stored the images and we were done taking data we processed the data
using a Matlab script. The digital images were viewed as an array of numbers and columns of

numbers were averaged to create a sinusoidal representation of the fringe intensity. We did this
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with the two sets of fringes (with and without plasma) and then found the average pixel shift from
the ionized and un-ionized data. We also calculated the average width of the fringes and divided the
shift into that width to find the phase difference A¢ between the two data sets, with one sinusoidal
period equal to a phase shift of 2. Figure 2.2 shows an image of fringes and their corresponding
Matlab graphs.

Knowing A¢ allows us to extract the density n(¢) of our plasma using the relationship

B 2L

q2
Ag(r) = ——[1—a(r)] = n(r)L5 =

in which 7i(¢) is the time evolving index of refraction of the plasma, L is the length of the plasma,
m; is the mass of the ions, and @ is the frequency of our laser, and A is its wavelength [4]. The time
evolving plasma density can be used to extract the electron temperature via the expansion velocity
of the plasma. The actual relationship between the density n(f) and the expansion velocity vy,
will be discussed in Chapter 3.

Finding the pixel shift between the graphs turned out to be non-trivial, and the method we em-
ployed to make it happen is worth mentioning here. First we shifted and normalized the sinusoids
in such a way that they were centered about zero in the vertical direction as shown in Figure ??.
This allowed us to determine where the functions would equal zero and then find the pixel shift as
a difference in these "zero-crossings".

The way we found the actual zero-crossings was by sending the data into a for loop that took
each number in the data set and multiplied it by the next number in the set. If the product was
positive it moved on and if the product was negative it saved those two points as a location of a
possible zero crossing.

The original Matlab program made in the first iteration of this experiment stopped at this point,
but it didn’t properly account for possible double crossings as a result of noisy data. To fix this we

changed the script so that it identified all the possible zero-crossings and then checked to see if they
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were within a few pixels of each other. If they were, it took only the largest of the set of potential
crossings. Then it fit a curve to that point, and a few of its neighboors and put the zero-crossing
where the curve crossed the horizontal axis. This technique served to make our analysis process
more robust than it had previously been, and prevented mistakes in the calculation of ¢.

With all of this in place we were able to take data. To try and reduce the intensity from test to
test, we used an iris diaphragm to clip the edges of our beam. We would take a measurement with

different iris diameters at each track length, and then compare the results.

2.4 Preliminary Results

Our initial results were not promising. We found a lot of fluctuation as we ran our experiment
from day to day, having difficulties getting our alignment exactly correct each day. The intensity
of the laser would drift throughout the day, and as we moved the translation stage from location to
location we had difficulty in making the alignment identically consistent.

We also found that since our beam wasn’t perfectly Gaussian, when we trimmed the edges
with an iris we weren’t always reducing the intensity in a consistent way, and our laser focus
would move in the vacuum chamber.

Despite these setbacks we were able to reproduce the trends found previously [4] using neon
gas with moderate success. We then moved on to using Helium gas thinking that the lighter atoms
would expand more quickly in the plasma allowing us to see more of the plasma expansion with
the same track length.

However, we didn’t see any significant difference between the expansion rates at different
ionization intensities. We attributed this to experimental error and took many data sets, but always

saw the same thing. A sample of our data can be seen in Figure 2.3.
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Figure 2.3 Graphs of fringe shifts for 3 different ionization intensities. We are using
Helium gas with a backing pressure of 950 torr. Our peak laser intensity is 2.5 x 10!
W -cm~2. They are normalized to have the same maximum shift. They are very similar
in their trend, and any actual difference is beyond our power to resolve. The crosses are
actual data and the lines are just interpolated to emphasize the trend.



Chapter 3

Modeling

3.1 Theory

Before giving up on our attempt at controlling the electron temperature in our LPP we decided to
give it a more thorough theoretical look, and to do some modeling to see what exact results we
should expect. The results of the modeling we did are very promising for the experiment.

We had expected to see a slower expansion of our plasma as we decreased the ionization energy,
but we also expected that plasmas made with a lower intensity would have a lower density, and
thus expand more rapidly. The question was, which of these effects would dominate the observed
expansion of the plasma.

The intensity of our laser beam was calculated to be 2.5 x10'> W - ¢m™2. The Gaussian width

of the focus our ionizing beam is 70 um [4]. Using this information along with the equations:

c&y
Iy = —|E
0=—"|Eo|
from [8], and
2.E;
P 4w2m,
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3 3
(Karifr) = 0.17U, = SheTe = Emi"zxp

from [4] we are able to extract the expansion velocity vy, of our plasma. In these equations U,
is the Pondermotive energy, T, is the electron temperature, m; and m, are the respective masses of
the ion and the electron, [y is the intensity at the focus of the ionizing beam, and @ is the laser
frequency. All quantities are in SI units.

Once we know v,,;, we are able to use this equation

_ n(0)
I’L(f) - 1+ (Vexpt/GO)z

to find the density of the plasma as a function of time [6]. In this equation Oy is the initial rms size
of the plasma.

To find o we need to figure out how much of our laser focus is intense enough to ionize the gas
that we are testing. The first step is figuring out the ionization threshold for strong field ionization.
This can be accomplished from a manipulation of equations found in [3]. The intensity is found to
be

; nedcd?
thresh — 2qu2

Where @ is the ionization potential of the atom, and Z is the charge state that will be left behind
after ionization [9].

Once we know this intensity threshold we now need to know the intensity profile of our laser
beam, so we know how much of it is able to make a plasma. The intensity at the focus of a Gaussian
beam is given by

I(r) = Ipe 27"/

Where r is the radius from the center of the focus and w is the Gaussian beam width [8]. So, oy

for our plasma is close to the maximum 7y for which I(ruax) = Lipres-
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3.2 Execution

Substituting values back into our equation for the density of the plasma, and dividing by n(0) we

get a messy looking equation for the normalized density

t 1 0.05671yg>
n(t) = where C= 09e )
n(0) 1+Cr? O memiceyr,,,

By substituting in the correct values for our laser, and for the gas in question we can plot the
normalized density which will have a shape similar to what we would expect for a measurement
of our fringe shifts.

The I,j,ye5 for Neon and Helium are calculated to be 8.7 x10'5 W .cm =2 and 1.3 x10° W -
cm~? respectively. These intensities, the values of our laser, along with the known values for ®
and m;, can now be plugged into this equation.

Our modeling was executed in Matlab. We wrote a script that allowed us to choose if we were
modeling for Neon or Helium, and let us set a peak intensity Iy for our laser. It then calculated an
rmax for the specified values. It plotted the results with different fractions of our peak intensity to
see how the plasma densities changed for the different laser beam intensities. We hoped to see the
lower intensities fall of more slowly, denoting a slower expansion velocity.

The results for Neon can be seen in Fig. 3.1. We see the decay curves to be very tightly
grouped except for 50% which fell of markedly more quickly, and 25% which doesn’t even show
up because it couldn’t make any plasma. If you look very closely there is one curve that is decaying
more slowly than 100%, but it is close enough that we would never be able to resolve the difference
in experiment. Our Helium results, as seen in Fig. 3.2, were even worse. All of the curves decay
more quickly for lower intensities, and both 50% and 25% don’t make any plasma.

The fact that the plasma expands more quickly for lower intensity is because we are close

enough to the threshold intensity that decreasing the intensity in our experiment also decreases

plasma size. The smaller plasma is able to expand more quickly, and cancels out the slower expan-
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Figure 3.1 A model of our normalized density for neon assuming that I =2.5 x 10"
W -cm™2 is the measured value for our laser. The curves are tightly grouped, and as the
intensity falls off, the curves decay more quickly contrary to our expectation. The curve
for 25% doesn’t even make any plasma, and isn’t visible on the graph.
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Figure 3.2 A model of our normalized density for helium assuming that Iy =2.5 x 10"
W -em™2. The curves aren’t as tightly grouped as they are for neon, and the lower intensi-
ties decay even more quickly than they did in neon. The plots for 50% and 25% intensities
both make no plasma, and so are not visible on the graph.
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Figure 3.3 A model of our normalized density for neon assuming that I is 10 times
higher than what we currently expect, [ =2.5 x10'® W-c¢m™2. The lower intensities
expand much more slowly, and the spread would be possible to measure experimentally.
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Figure 3.4 A model of our normalized density for helium assuming that /y is 10 times
higher than what we currently expect, [ =2.5 x10'® W .c¢m™2. The lower intensities
expand much more slowly before we get down to 10%, but they spread is tighter. It
would be more difficult to measure this difference experimentally.
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sion we expected from decreasing intensity.

This suggested that if we increase our laser intensity to get further from the threshold, our
plasma size would be more constant, and so we would only see affects from the intensity. It would
not be too difficult to increase our ionization intensity by an order of magnitude, so we decided to
try again at Iy =2.5 x10'® W -cm~2. The results in Figures 3.3 and 3.4 were more like what we
had hoped for. The neon spreads out beautifully, and the lower intensities have slower expansion.
We could very likely measure the the slower expansion experimentally because it seems to be so
spread out. The helium also spread out and slowed down, but it is not quite as spaced and would

probably be difficult to resolve in our current set up.



Chapter 4

Conclusions and Outlook

After our experiences in the lab and in the modeling it would seem that it is still possible to measure
the effect we were hoping to see. Using neon is probably favorable, because at lower intensities of
ionization it seems to have greater spacing from the higher intensities than helium does.

Of course for either to work we will need to increase or peak intensity by a factor of 10. This
can be accomplished by using a shorter focal length lens. It could also be accomplished by simply
increasing the amount of energy in our laser, but this can be difficult to do without damaging optics.

There were other difficulties in the experimental set up that will probably be changed in the next
run of the experiment. Our method for curtailing the laser intensity using an iris was inconsistent,
and detrimental to alignment. A better approach is to use a half-wave plate followed by a linear
polarizer in the beam path as an attenuator. By adjusting the angle of the wave plate relative to the
polarizer the intensity of the beam will fall off as cos®(26) [8] where 0 is the angle of the wave
plate. This would give us more exact control of the intensity of our laser, and would keep us from
moving the focus by diffracting the beam through an iris.

Another difficulty we have had in the experiment is getting the focus of the ionizing beam and
probe beam exactly aligned. Upon more informed reflection we realize that we may have had an

astigmatism in our focus on our alignment camera. Finding the source and fixing this aberration in
19
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our focus would probably make alignment more simple.

The last thing we would like to try differently as we continue this experiment is the order in
which we take data. Instead of trying to take measurements at every track-length in one go, we
have contemplated taking a bunch of data sets at each length and then finding an average fringe
shift at each length. This would help us overcome the problem of the laser intensity changing
throughout a data-taking session and ruining the data.

If these changes are made, the modeling and our experience suggest that this experiment can
be successful. We can control the electron temperature and plasma expansion rate in our LPPs by
varying the intensity of our laser. Once we have shown this we will be able to move on to other
experiments like others currently done only in UNPs, and try to push our plasma to a higher value

of T.
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