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Abstract

The laser ablation of alumina (Al;O3) is experimentally investigated by the use
of ultra high speed photography, scanning electron microscopy, quadrupole mass
spectroscopy, and time-resolved optical spectroscopy. Irradiance levels of typically
5 GW/cm? frequency quadrupled Nd:YAG laser radiation are applied to achieve uv
laser ablation. Of primary interest is the optical spectroscopy of the aluminum monox-
ide (AlO) blue-green B?L*—X2?%* band system that dominates the emission spectra
some 20 us after the short pulse, high peak power laser surface interaction. Com-
parisons with synthetic spectra that are computed by the use of accurate diatomic
line strengths indicate AIO temperatures well in excess of 3,000 K. Monte-Carlo sim-
ulations are implemented to estimate the precision of the temperature obtained from
(1) least-square fitting the entire measured spectrum, and (2) applying Boltzmann
plot methods and Savitzky-Golay numerical filters to extract spectral peaks. The
spectroscopic temperature obtained from both approaches (1) and (2) are typically

within two standard deviations and show a precision on the order of 1%.
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1 Introduction

High temperature spectra are of interest in the study of the anharmonic effects in
the AlO B state on the molecular line strength calculation, in the characterization of
various plasma phenomena and in diagnostics applications to describe gas-dynamic
plume effects. In this work, an investigation is presented of such spectra and the

plume dynamics created by the laser ablation of alumina.

1.1 Aluminum Monoxide

The spectrum of aluminum monoxide (AlO) has been thoroughly investigated in the
past due to its presence in several scientific fields. In astrophysics, A1O absorption
bands have been measured in sun spots and stellar emission bands have been ob-
served from the M-type star o Ceti’ [1]. In the area of space exploration, AlO is
important due to its problematic presence in re-entry wakes and solid-fuel rocket ex-
haust [2]. Additionally, AlO spectral measurements of high-altitude TNT explosions
have allowed approximate temperature measurements of the upper atmosphere [3].
In the past, laboratory experiments have been performed to measure the spec-
trum of AlO. For these experiments there have been various methods implemented
to produce AlO in the excited B?£* state. Among these experiments are included
flame emission [2], shock tube [4], vacuum discharge tube [5], hollow cathode [6], N,O
reaction with Al vapor [7], and the laser ablation of Al,0; [8, 9, 10]. These methods
produced AlO with temperatures ranging from 360 K to 4,750 K in ambient pres-

sures ranging from 107 to 1 atmosphere. The resolution of these recorded spectra
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range from those with resolved rotational bands to those with unresolved vibrational
bands. In the following work, the AlO spectra are emitted during short-pulse, high
peak power laser ablation of alumina. All spectroscopic measurements are performed
in 1 atmosphere of laboratory air, unless noted otherwise.

The primary interest of this work is the study of high temperature AlO spectra
that is produced in the plasma of laser-ablated Al,03. The specific objective of the
research is to measure the temperature of the recombination AlO in the expansion
plasma using the spontaneous emission spectra of the AlQ B2L+—X2%+ electronic
transition. To accomplish this objective, optical spectroscopic data are experimen-
tally measured and, with synthetic spectra predicted by molecular line strengths, the
temperature (T) of an assumed local thermal equilibrium (LTE) sample is obtained.
The Nelder-Mead and Diatomic Boltzmann plot techniques (NMT and DBP, respec-
tively) are used to find T, and quantification of the goodness-of-fit of the results is

an essential element of this objective.

1.2 The Ablation Process

In the laser ablation process, an incident laser pulse of sufficient intensity ionizes tar-
get molecules and a plasma is formed. With a nanosecond-duration pulse, once the
plasma is created, it absorbs the remaining energy of the pulse and acts as a buffering
interface between the pulse and the target. Figure 1 illustrates the breakdown char-
acteristics of a typical nanosecond laser pulse [11]. The breakdown threshold, which

is defined as the irradiance level for which the probability of breakdown is 50%, is
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Figure 1: Temporal laser pulse profiles and the breakdown threshold.



shown as a solid horizontal line. The two broken horizontal lines show the irradiance

levels for which the probability of breakdown is 33% and 67%. The profile on the
left shows a laser pulse with the minimal peak irradiance required to induce break-
down of a given substance. The right profile shows a pulse with peak irradiance 2.5
times larger than the breakdown threshold. In both profiles, the area of the unshaded
region indicates the mean fluence required for breakdown, while that of the shaded
region is the amount of energy that pumps the plasma. For femtosecond laser pulses,
it is possible for the rate of energy transfer to the surface of the target to be faster
than the reaction time of the material. This allows the ability to put more energy
into a target (compared with that of a nanosecond pulse) due to the lack of plasma
shielding of the surface.

In recent years the process of laser ablation has become one of importance. It
has been applied to numerous operations such as fabrication of thin films, micro-
machining, surface treatment, and welding. The laser ablation of alumina (Al;03) has
been found to produce AlO in the excited B°L* state. In previous investigations [8, 9,
10, 12, 13], nominal nanosecond excimer lasers were preferred to induce the ablation
process. Recently, applications of nominal picosecond and femtosecond radiation
have been reported [14]. Ultraviolet radiation is capable of driving the process. A
frequency quadrupled neodymium-yttrium-aluminum-garnet laser (Nd:YAG) is used
in the following work. Typically, 5 mJ per 6.5 ns pulse is sufficient for 266 nm laser

ablation of alumina. Note that the wavelength of the uv laser radiation is outside the

spectral region of our interest.




2 The Laser System

In this section, a detailed description of the general experimental arrangement shown
in Figure 2, will be reported. Specifically, the optical and timing setup for the laser

ablation of alumina will be explained.

2.1 Optical Arrangement

A Nd:YAG Q-switched laser system (Continuum Model YG680S-10) was used for
ablating an alumina target. This laser system has a type II KD*P crystal to gen-
erate laser light at the second harmonic (532 nm) of the Nd:YAG nominal 1064 nm
radiation wavelength. Since the effects of the fourth harmonic (266 nm) were of
primary interest, an Inrad Autotracker II external frequency doubler was integrated
into the system. The optical setup was arranged such that the 532 nm radiation
produced by the laser was reflected by two mirrors, and was incident on the external
frequency doubler. Although the Inrad Autotracker II is easily adjusted for optimized
frequency doubling, the product beam of the external frequency doubler was not pure
266 nm radiation. One dichoric mirror was used to filter out the majority of the 532
nm radiation, so that the target positioned in the vacuum chamber was primarily
irradiated by 266 nm radiation. From the dichroic filter to the chamber, the beam
passed through an iris, the chamber’s quartz window, and then was focused behind
the surface of the target (to avoid air breakdown) by the use of a 1 inch diameter,

100 mm focal length plano-convex quartz lens. The target was oriented such that the
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direction perpendicular to its surface was at a 45° angle relative to the direction of
the incident laser pulse, which was linearly polarized normal to the plane of incidence.
Figure 2 shows the location of the laser focus for 266 nm and 532 nm radiation to be
0.64 mm and 1.90 mm behind the target’s surface, respectively. The target sample
was mounted on an Oriel model 18011 x--y—z translation stage to provide a virgin
target surface for each measurement without any change in focal distances relative
to the target surface. When the 532 nm radiation was used, the beam was still put
through the external frequency doubler. However, the optimization of the frequency-
doubling was intentionally not achieved (crystal angle tuning was misaligned), and
the dichroic mirror was removed. The 266 nm and 532 nm radiation at the chamber
were measured to have 6.5 mJ and 100 mJ of energy per pulse, respectively. Using the
focal points relative to the target surface (assuming geometric optics and no spherical
aberrations) gives irradiances of 5 GW/cm? and 9 GW/cm? for 266 nm and 532 nm

radiation, respectively.

2.2 Timing Arrangement

The Nd:YAG laser is Q-switched by the use of a quarter-wave plate, dielectric polar-
izer, and Pockels Cell along with Q-switching electronics. The Q-switching electronics
allows the laser to be externally triggered at the rate of 10 Hz. This external mode
option with a rate of 10 Hz is used in all experiments to follow. To accomplish the
triggering, a Stanford Research Systems Model DG535 digital delay/pulse generator

(DG535) and a Wavetek 50 MHz Model 859 programmable pulse generator were uti-



lized (see Figure 2). Following an input trigger to the DG535, a pulse is sent to the

Nd:YAG’s external charge input. A second pulse is sent to the Wavetek on a 90 ms
delay. The Wavetek then sends appropriately delayed 10 V pulses to the external
fire input and to the Q-switch electronics. The externally synchronized laser pulse
is generated, and the system then waits for the next triggering of the DG535. With

this method, RMS jitter time of less than 2 ns was achieved.




3 Ultra High Speed Photography

3.1 Experimental Setup

Visualization of the laser ablation of alumina was achieved using ultra high speed
photography (UHSP) techniques. Figure 3 shows the UHSP experimental setup.
The ablation and subsequent plume formation were induced by 266 nm radiation,
using the method described in Section 2. The 510 nm radiation of an Oxford Lasers
Model CU15A copper vapor laser (CVL) with 30 ns pulses was used as a light source.
The CVL irradiated the region of the ablation (parallel to the target’s surface) and
projected an image of the plume’s profile onto a screen, as shown in Figure 3. This
image was synchronously photographed by the use of a Weinberger Speed-Cam 512
(WSC) high speed video system. The WSC was operated at 4 kHz, which corresponds
to an image resolution of 64x512 pixels. The CVL was triggered synchronously by the
WSC. The 4 kHz synchronous output signal of the WSC was also divided by 400 by
the use of the trigger and gate output of an oscilloscope. The resulting 10 Hz signal

was sent to the DG535 for the synchronization of the Nd:YAG.

3.2 Experimental Results

Figure 4 shows a sequence of shadowgraphs taken by the use of UHSP. The first
shadowgraph shown in Figure 4 was taken coincident with the arrival of the laser
pulse on the target (zero time). Between the first and second shadowgraphs, the laser
ablation and corresponding induced plasma is created and begins to cool. At 250 us

after the laser pulse, a shock wave (dissipating the mechanical energy induced by the
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laser pulse) propagates away from the target as shown in the second shadowgraph.
Figure 4 also displays in the remaining shadowgraphs the turbulence of the mixing
of the ablated material with the ambient atmosphere after the passage of the shock

wave. |
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4 Mass Spectroscopy

The intent of this section is to understand the composition of the target and the
products of the laser ablation of alumina. The target composition is determined
by the use of a scanning electron microscope (SEM) along with a x-ray detector.
A quadrupole mass spectrometer is applied in the attempt to measure the plume

composition.

4.1 Target Composition

The target used was a 99.5% alumina tile from Coors Ceramics. Some physical
properties of the target are shown in the Appendix. From verbal communications
with Coors Ceramics, it was learned that several oxides exist as impurities. Table
1 displays the stated specific impurities and the maximum concentrations by mass.
With the use of a scanning electron microscope and a x-ray detector, the presence of
Al, Si, Mg, Ca, and Fe in decreasing order were verified. The amount of aluminum
detected by the scan was expected to be dominant, and it should be noted that the

range of the elemental scan was set to ignore the presence of oxygen [15].

Table 1: Composition of the alumina target

Species | Composition

Al 03 99.5%
Si0 <0.2%
MgO <0.1%
CaO <0.1%
FeO <0.1%
NaO <0.1%

13



4.2 Experimental Setup

An attempt was made to use mass spectroscopy to observe the products of laser ab-
lation of the alumina target. Using a EAI/QUAD Model 1100A quadrupole mass
spectrometer (QMS) with a 1 amu resolution, the composition of the gas near the im-
pact point of the 266 nm radiation was measured. Due the requirements of the QMS,
the pressure of the vacuum chamber was held at 1076 Torr by the use of a Balzers
water-cooled cryogenic pump and two standard roughing pumps. The pressure of the
vacuum chamber was continuously measured by a Granville-Phillips Series 260 gauge
controller and an ion gauge.

The QMS gives the user the ability to vary the scan time, the center mass, and
the mass range. For this particular experiment, the scan time was set to 50 s, and
the center mass and mass range were set such that the scan covered from about 1
to 50 amu. This gave an integration of about 1 amu per second. The output of the
QMS was viewed by a Tektronix Model 2225 oscilloscope and recorded by a Kipp &

Zonen strip chart recorder type BD122.

4.3 Experimental Results

Figure 5 shows a typical result of the mass spectroscopy experiment. The top graph
shows the background mass spectrum, which was taken with the laser blocked. The
bottom graph shows the mass spectrum taken during the laser ablation process. The

positions of the H, C, N3, O3, and AlO are labeled by 1, 12, 28, 32, and 43 amu,

respectively. The wide peak centered at 15 amu is due to the large quantities of N
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and O. Resolving these lines would cause a decrease in the intensity resolution. Since

the less concentrated species such as AlO are of interest, the intensity resolution was
most important. The peaks in the 40 to 48 range surrounding AlO are partially due
to the hydrocarbons which are introduced to the vacuum chamber by the pump oil
[16]. Comparing the mass spectroscopy data during laser ablation with that of the
background, negligible differences are found. Hence, the detection of the composition
of the plume was not achieved.

Ablation products such as Al and O are not easily detected due to the high in-
tensities of N, and O in the background. In addition, Si, Mg, Ca, Fe, and Na are
not detected because of their low concentrations in the target sample. The distance
between the QMS and the impact point gives rise to additional losses in the sen-
sitivity due to the extremely small solid angle subtended by the QMS aperture at
the target and plasma regions. With the assumption that O, contributes to 1% of
the background, the sensitivity of the detection was on the order of parts per ten
thousand. Finally, although the QMS single mass monitoring capabilities were used,
the products of ablation were not detected.

As reported by Ching, Gilgenbach, and Lash [8], the AlO formation by chemical
recombination is favored at high ambient pressures and the A1O emission approaches
a linear dependence for pressures greater than 200 mTorr. Therefore, it is reasonable
that AlO formed by this mechanism was not measured by the QMS at pressures of
1 pTorr. Additionally, since no AlO signal was observed, there was no detection of

AlO produced directly from the Al;03 sample from photodissociative ablation.
16



5 Optical Spectroscopy

This section contains the major experimental focus of the work. Optical spectra are
recorded of the expanding and cooling laser-induced plasma over a wavelength range
of 420 nm to 560 nm and for various time delays and gate widths. The experimental
setup required to achieve the time-resolved measurements of the optical spectra and

an analysis of the results are presented.

5.1 Experimental Setup

The experimental setup for measuring the optical spectroscopy of laser-ablated alu-
mina uses the laser system described in Section 2. The DG535 delay generator is
triggered by a EG&G PARC Model 1460 optical multichannel analyzer (OMA). Fig-
ure 6 shows the basic experimental setup and the physical positioning of the target.
The optical emission of the laser-induced plasma was collimated and focused onto a
nominal 250 pgm slit of a 0.275 m Jarrell-Ash crossed Czerny-Turner spectrometer by
two lenses selected to optimize the f/#. A 350 nm cut-on filter was used to avoid
possible complications from second-order diffraction of uv plasma emission lines. The
AlO spectrum was measured by the use of an EG&G PARC Model 1241 intensified
linear diode array (LDA) and read with the OMA. The OMA was programmed such
that the LDA was read synchronous to the laser repetition rate (10 Hz).

After the LDA read-out and before the next laser pulse, dark-count noise is accu-

mulated by the LDA. To reduce this between-pulse dark-count build-up, the detector
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was cooled to 5°C and four additional read-outs, or pixel charge neutralizations, were

performed. The desired time resolution was accomplished by applying a high voltage
pulse to the microchannel intensifier that is coupled to the input face of the LDA. At
selected time delays after the laser pulse, the OMA triggered an EG&G PARC Model
1304 pulse amplifier, which provided the high voltage pulses to the microchannel
plate.

Each measurement consisted of 50 laser pulses, which provided an averaging func-
tion for various random fluctuations, reducing the fluctuations in the result by about
14%. A virgin sample was provided to each set of 50 pulses by translating the target
surface using an Oriel Model 18011 translation stage. The focal area was unchanged
by the sample translation.

The measured spectra underwent three calibrations to remove systematic errors:
wavelength, intensity, and dynamic. The wavelength calibration was performed with
the use of atomic hydrogen spectral lines. This allowed for the correlation between
the pixel number and wavelength of incident radiation. The intensity calibration was
accomplished by the use of a tungsten lamp. Differences between the measured and
known spectra were used to obtain the appropriate scaling factor for the intensity at
each pixel. The intensity calibration was done with a gate width of 10 us. Finally,
the wavelength shift due to the non-linearity of the spectrometer was accounted for
by a dynamic wavelength calibration.

Table 2 shows the specification of timing errors that originate and propagate in

19




the gate pulse interface and the pulse amplifier. From the table, it is clear that the
error in the time delay resulting from the gate pulse interface is on the order of 2%
of the gate width, and approximately 40 ns of uncertainty can be attributed to the
pulse amplifier. Since the range of time delays started at 0 ns, the error due to the
propagation delay of the pulse amplifier must be considered. With the minimum gate
width of 200 ns, the effect of this error is not critical since the gate width inherently
creates a loss of time resolution. From Table 2, the error in the gate width due to the
gate pulse interface is 3%, and that due to the pulse amplifier is on the order of 18%
for our minimum gate width setting. The two sources combine to give a 35% error.
However, the required temporal resolution for the experiment is much less than that

of the errors described.

5.2 Time-Resolved Spectroscopic Results

Table 3 displays a partial listing of the laser radiation wavelength, time delay af-
ter laser impact on the target, and gate width for the data. An example of the data
recorded at selected time delays is shown in Figure 7. We are now able to expand upon
the chronology of the plasma expansion obtained using ultra high speed photography.
From the spectral lines detected at the 0.8 us delay, it is observed that the plasma
has cooled sufficiently to allow the atomic formation of atoms by ion-electron recom-
bination. The atomic lines of Ca, Mg, and H have been identified in top spectrum
of Figure 7, 0.8 us after the initial laser-surface interaction. The 466 nm atomic line

remains unidentified. It is interesting to note that, for a pure hydrogen plasma, the
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Table 2: Timing error of the measurement components

Gate Pulse Interface (1303) [17]
Insertion Delay
70(5) ns programmable delay in
30(5) ns programmable delay out
Delay Specifications

Range [0 to 13.1 ms] +insertion delay
Resolution 1 ns
Accuracy 2% of setting - insertion delay
Jitter greater of 100 ps or 0.02% of delay
Pulse Width Specifications
Accuracy 3%
Jitter 0.1% of pulse width
Range Resolution
100 ns to 1 us 5 ns
1 ps to 10 us 50 ns
10 ps to 100 us 500 ns
100 ps to 1 ms 5 us
1 ms to 10 ms 50 us
Pulse Amplifier (1304) [18]
Propagation Delay
40 ns from trigger input to gate output
Fall Time
Less than 20 ns
Rise Time
Gate Width Range Rise Time
100 ns to 1 us < 50 ns
1 ps to 10 us < 500 ns
10 ps to 100 us <1 us
100 ps to 1 ms < 10 s
1 ms to 10 ms < 100 ps

21




Table 3: Resolved spectroscopic measurements.

Wavelength | Time delay | Gate width
nm s s
266 0.0 0.2
266 0.2 0.2
266 0.4 0.2
266 0.6 0.2
266 0.8 0.2
266 1.0 0.2
266 1.0 1.0
266 2.0 1.0
266 3.0 1.0
266 4.0 1.0
266 5.0 1.0
266 6.0 1.0
266 7.0 1.0
266 8.0 1.0
266 9.0 1.0
266 10.0 1.0
266 20.0 10.0
266 20.0 10.0
266 20.0 10.0
532 20.0 10.0
266 30.0 10.0
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observed width of the Stark broadened Hs Balmer series line would yield an electron
number density on the order of 10!” cm™ and a temperature of approximately 11,000
K [19]. The Ca and Mg line positions and intensities may also be used to measure the
plasma temperature and electron number density, but experimental data with higher
resolution would be required. It is recalled from the composition of the target that
the Ca and Mg spectral lines are expected. The Hs line may not expected since the
target is supposed to have 0% water absorption, but the precision of this specification
is unknown. After 2 us AlO is starting to form, as seen by the middle spectrum in
Figure 7. At 20 us following the plasma formation, the A10 B2E+ —X?%* molecular
transition is seen to dominate the spontaneous emission signature. In this spectrum,
shown on the bottom of Figure 7, the bands corresponding to a change in vibrational
quantum number of 3, 2, 1, 0, -1, and -2 are shown, and some individual vibrational
transitions are labeled. The only spectral impurities in the observed AlO wavelength

region at this time delay are those of Ca and MgO, with the latter questionable.
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6 Temperature Determination

In this section, the AlO spectra observed at 20 us following the laser irradiation of
the target are used to infer the temperature of the expanding gas. Both 266 nm and
532 nm incident laser irradiation are used to produce the plasma. The temperature
of the assumed local-thermal-equilibrium (LTE) gas is determined using two different

analysis methods. A comparison of the results will be shown.

6.1 Theory

The basis for the numerical determination of the temperature from measured spectral
signals is the minimization of the sum of the squared-residuals from the measured and
calculated spectral signals. Therefore, a requirement for the determination of T is the
ability to predict the theoretical spectra over a range of temperatures. For this study,
a theoretical, or synthetic, spectrum is needed for the A10O B2£+ —X?%+ transition
system. This synthetic spectrum was obtained using the line strength file (LSF)
for this electronic transition. The LSF is an electronic table which contains all the
information required to calculate radiative transitions. The information includes term
values, line strengths, quantum numbers, and parities [20]. For diatomic molecules,
the parameters required to create the LSF are B,, D,, T.+G,, S, and J,, for all
vibrational states (of both the upper and lower electronic states) to be considered.

The first two parameters are the coefficients of the first two terms in the rotation

term value:




F(J)= B,J(J +1) = D,J}(J +1)* + H,J3(J +1)° + ..., (1)

where J is the rotational quantum number. The third parameter is the sum of the

electronic and vibrational term values:

1 1 1
Te+ G, =T + we(v + 5) — weze(v + -2-)2 + weye(v + 5)3 + .., (2)

where v is the vibrational quantum number. The fourth parameter, S, is the total
spin of the state. Jpm,, is the maximum rotational quantum number to be considered.

The first four parameters are easily extracted from published papers such as Coxon
and Naxakis [21, 22, 23]. The Jn,, parameter was approximated by requiring a
10,000:1 intensity ratio between the 0,0 band head and the smallest rotational transi-
tion to be considered. With these parameters for each vibrational transition, the LSF
is computed by the use of Rydberg-Klein-Rees (RKR) algorithms [24] and Hamilto-
nian diagonalization methods [25]. The LSF used contains the information on over
33,000 molecular transitions of AlO.

Using the LSF, it is possible to calculate the coeflicients of the vibrational term
value. From the LSF, we find that the vibrational coefficient w, for the upper and

1. respectively. In addition, the vibrational coefficient

lower states are 871 and 979 cm™
corresponding to the first anharmonic term w.z, for the upper and lower states are
3.70 and 7.03 cm ™1, respectively. Table 4 compares these values with those previously
measured [23]. The influence of the anharmonic term can best be investigated by

computing the energy deviations due to the (v+3)® perturbation term. Figure 8
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Table 4: Comparison of calculated and measured values of w, and w.z..

Derived Measured[23]
Upper | Lower [ Upper Lower
state | state state State

w.jem™Y] | 871 | 979 | 870.44(4) | 979.52(7)
w,z.[em™1 | 3.70 | 7.03 | 3.668(3) | 7.030(8)

displays the results graphically. As seen in Figure 8, the vibrational energy of a
molecule with vibrational quantum number of 10 has harmonic and anharmonic values
that differ by 5% and 8% in the upper and lower state, respectively. Thus, it is
necessary to carry the approximation of the potential curve out beyond the first
term.

To create a synthetic spectrum, only the temperature of the molecule and the
experimental full-width at half maximum (FWHM) spectral resolution are required.
This may easily be seen by looking at the Boltzmann distribution, which relates

intensity to energy:
Imn = (COTI,St(ZTlt)GmAmnVm'ne_Em/kT, (3)

where I, is the intensity of radiation emitted from a state m to state n transition,
G is the degeneracy of the state m, A,,, is the Einstein coefficient for spontaneous
emission, Vo, is the frequency of radiation emitted due to the state m to state n
transition, E, is the energy of state m, k is the Boltzmann constant, and T is
the temperature. Notice that all the variables are contained in the LSF except for
temperature.
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Figure 8: The harmonic and anharmonic vibrational energy term values.




6.2 Temperature Extracting Algorithms

Two ways of extracting the temperature from a spectrum by the use of Equation 3
will be investigated. The first method is called NMT (Nelder-Mead Temperature),
and the second is called DBP (Diatomic Boltzmann Plot). NMT finds the synthetic
spectrum that best fits the intensities of the entire experimental spectrum by the
minimization of the sum of the squared residuals using the Nelder-Mead minimization
algorithm. The temperature of the optimum synthetic spectrum is taken to be that
of the experimental spectrum. DBP selects only certain peaks of the spectrum and
performs a modified Boltzmann plot using the data of these peaks. Although the two
methods are both based on Equation 3 and both use the same parameters obtained
from the LSF, the results can be expected to differ slightly due to the different way
each is affected by noise and systematic errors.

In the implementation of DBP, problems may arise in the peak finding algorithm
when the influence of noise is present. Noise may cause the shift of a peak’s inten-
sity and position, or even create the appearance of peaks that do not exist. These
variations from the ’true’ spectra may cause drastic differences in the temperature
determination due to incorrect evaluations of the modified Boltzmann plot parame-
ters. Thus, one must be able to differentiate between a true peak and an effect of
noise. To this end, a 15-point 6-degree Savitzky-Golay filter (SGF) was used. The
advantage of such a filter is that loss of spectral resolution is minimal and the shift

in wavelength due to the filter is negligible [26]. With the filtered spectra, finding
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the peaks may be accomplished by the use of a simple algorithm (such as a series
of conditional statements). Hence the peak finder is also a filter, and consequently
the potency of the SGF and the peak finder must be adjusted so that the two best
complement each other. Over-filtering of the data must be avoided because it would
induce an error. Trial and error with visual comparison of raw and filtered data was
involved in picking a 15-point 6-degree SGF. With the wavelength position of a peak
found, the intensity of the peak may be taken to be that corresponding to the original
or filtered data. Both methods will be applied in the DBP method.

The precision of the derived temperatures was determined by a Monte-Carlo sim-
ulation as follows: An experimental spectrum was analyzed to find the temperature
by each of the methods. The noise in the experimental spectrum, determined from
the quotient of the experimental spectrum and its filtered counterpart, yielded an
estimate of 3% random noise. A further 3% of random noise was added to the experi-
mental spectrum, which was then reanalyzed by each method. Repeating the process
10,000 times produces a Gaussian distribution of temperatures. The standard devia-
tion of the distribution was taken to be the precision of the experimentally measured

temperatures.

6.3 Determined Temperatures

The 20 ps time delay spectrum from 430 nm to 540 nm was selected for the tem-
perature analysis of AlO to ensure minimal, non-random background contributions

arising from the atomic lines. Figures 9 and 10 show the application of the temper-
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ature extracting algorithms to an experimental spectrum created by the 266 nm and
the 532 nm irradiation, respectively. The spectral fits are the synthetic spectra with
the determined temperature and FWHM of the experiment. The results of taking
the filtered versus the measured peak intensities in the DBP method are shown to
overlap (and hence the green curves are hidden by the purple curves in Figures 9 and
10). This may be taken as an indication that the SGF did not bias locations and
intensities of the experimental spectra.

Figure 11 illustrates typical characteristics of the NMT spectral fitting. This figure
specifically shows the difference in the fits for the various methods and wavelengths
of irradiation. The residuals of the fits lie almost entirely within 10% relative to the
respective 0,0 peak intensity. Several interesting conclusions may be drawn from this
figure. First, the residuals of the individual sequences show oscillatory behavior due
to inaccuracies near spectral peaks. Second, the residuals for the AlO progressions
yield an apparent low frequency oscillation, which is represented by the red dotted
line, obtained by a 201-point 6-degree SGF on the residuals. The low wavelength
region of the 266 nm data (top plot) indicates more positive residuals, or a higher
computed intensity distribution, for the Av=+3 sequence. In turn, this region is
well predicted for the 532 nm data (residuals are approximately zero). The Av=+2
and Av=+1 sequences appear to be under predicted, while the Av=-1 theoretical
sequence appears to be well matched to the data. Note that the residual of the Av=0

sequence is approximately centered around zero, yet the intensities near 484 nm and
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Experimental Data: 20 microseconds
DBP with Filtered Intensity: 3432(35) K
FWHM =43 1/cm DBP with Measured Intensity: 3429(49) K
A =266 nm NMT: 3329(13) K

b oo bbb b bl N |
430 440 450 460 470 480 490 500 510 520 530 540

Wavelength [nm]

Figure 9: Temperature determination for 266 nm irradiation.
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Experimental Data: 20 microseconds
DBP with Filtered Intensity: 3655(53) K
FWHM =43 1/cm DBP with Measured Intensity: 3626(66) K
A =532 nm NMT: 3686(13) K
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|
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|
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Figure 10: Temperature determination for 532 nm irradiation.
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500 nm are under- and over-predicted, respectively. In addition, Figure 11 displays
the residuals for the DBP method. The DBP residuals are computed by the use
of the synthetic spectra that is obtained from the inferred DBP temperature. It is
possible that similar behaviors of the residuals in the top and bottom plots are due
to wavelength dependent background contributions.

The top plot in Figure 12 shows the peaks selected by the peak finding method in
the 266 nm irradiation spectra. The bottom plot of Figure 12 displays the modified
Boltzmann plot created with the selected peaks. The standard deviation of the DBP
found by the Monte-Carlo simulation is on the order of 1% of the temperature, which
is approximately a factor of 6 better than in prior work [27]. The addition of the
SGF and better peak finding techniques to DBP are credited for this improvement.
The determined spectral temperatures using DBP and NMT are within two standard
deviations of each other, which quantifies the level of agreement among the methods.
Additionally, for the 532 nm irradiation the temperature agreement is found to be
within one standard deviation. The 532 nm spectrum has intensities 30 times greater

than the 266 nm due to the increased irradiance
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Figure 12: Modified Boltzmann plot for selected peaks.
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7 Conclusion

Measurements of the laser ablation of alumina are important not only for the study
of laser surface interaction, but also for the understanding of the aluminum monoxide
(A10) blue-green B2Z+—X2?T+ band system. Spectra have been computed by the
use of accurate diatomic line strengths and measured in experiments using short-pulse,
high peak power laser ablation of alumina. Incident laser irradiances on the order of
5 GW/cm? were used. In this work, the measurement techniques used to investigate
the laser ablation of alumina included ultra high speed photography (UHSP), scan-
ning electron microscope with x-ray detection (SEM), quadrupole mass spectroscopy
(QMS), and time-resolved optical spectroscopy.

The UHSP allowed the sequence of events following an individual laser pulse in-
teraction with the target sample’s surface to be recorded. The SEM applied to the
alumina target confirmed the existence of impurities in the target as detected in the
early time delay optical spectra. The composition of the plume could not be deter-
mined by the QMS for a variety of reasons including the level of sensitivity and the
intensity of the background. With the time-resolved optical spectra of the decaying
plasma, a chronological understanding of the plume composition was obtained. Also,
with the use of the Hg Balmer series line a temperature of typically 11,000 K and
number density of typically 10!” cm™ at a 0.8 us time delay can be inferred. The
formation of AlO was measured as early as 2.0 gs, and became nearly pure at 20 us

after the laser impact. NMT and DBP algorithms were applied to the spectra of 266
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nm and 532 nm laser ablation at a 20 us time delay. With DBP, a 15-point 6-degree
SGF was implemented in the peak finding process. The precision of the temperature
calculations were determined from a Monte-Carlo simulation. The result was temper-
atures well in excess of 3,000 K with a precision on the order of 1%, and agreement
between methods within 2 standard deviations. However, the fit shows signs that
the background is not flat, possibly indicating the presence of unknown systematic
| errors. The line strength file and ability to characterize various plasma phenomena
make the methods used in this thesis useful in diagnostics applications to describe

gas dynamic plume effects.
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8 Future Research

There are two major areas of interest that should be investigated. The first area is
experimental investigation of the wavelength-dependent background contribution and
application of a method to account for it in the analysis (possibly including the atomic
lines of the impurities). The second area is in the weighting of each pixel according
to the reliability of the information content. The use of weights would result in less
emphasis to be placed on regions where the spectral noise is comparatively large.
The development of techniques in these two areas should result in better spectral fits
along with a more accurate determination of the spectral temperature for all time
delays. This would allow for the extraction of the temperature decay over increasing
time delays to further characterize the laser ablation of alumina.

Other areas of interest include femtosecond pulse laser ablation and ultra high
speed holographic photography of the plume. Ultimately, a real-time temperature
measuring device using the methodology and algorithms described could be imple-
mented. Such a device could be applied to determine the temperature of AlO in

processes ranging from rocket exhaust to the welding of aluminum.
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Appendix

Table A shows the physical properties of the 99.5% alumina target used in the in-

vestigations. This table is compiled from information provided by Coors Ceramics

Physical Properties of the Alumina Sample
[28).
|

Table A: Physical properties of the alumina target.

Property Test Value Units
Density ASTM C20 3.8 g/cc
Color White
Water Absorption ASTM C373 0 %
Elastic Modulus’ ASTM C848 350 GPa
Poisson’s Ratio ASTM (C848 0.22
Flexural Strength ASTM F417 375 MPa
Compressive Strength ASTM C773 2500 MPa
Fracture Toughness Range | Notched Beam 4-5 MPa*m1/2
Hardness Rockwell 45 N 82 GPa
Hardness Knoop 1000g 13.7 GPa
Thermal Conductivity ASTM C408 27.5 W/mK
CTE 25-1000 ASTM C372 8.2 1076/°C
Specific Heat ASTM E1269 830 J/kg-K
Thermal Shock H,0 Quench 200 AT,
Dielectric Strength ASTM D116 8.7 ac-kv/mm
Dielectric Loss ASTM D2520 | 0.0002 |25°C @ 1IMHz
Volume Resistivity @ 298 K | ASTM D1829 | >10% 25°C Q-cm
Volume Resistivity @ 1071 K | ASTM D1829 | >2x10'° | 500°CQ-cm
Volume Resistivity @ 1298 K | ASTM D1829 | >2x10% | 1000°C§-cm
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