
JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 8, No. 2, April-June 1994

Measurement of Extinction Coefficients of Laser-Produced
Aluminum Plumes

T. E. Mills,* P. J. Bishop,t and A. Minardi^
University of Central Florida, Orlando, Florida 32816

Radial spectral intensities (0.632 yum) were measured using a He:Ne probe laser scanning an aluminum plume
formed by Ndiglass laser irradiation of a target surface. Furthermore, techniques were developed to measure
the radial distributions of the extinction coefficients in an axisymmetric, laser-produced aluminum plume. The
techniques developed allow for measurements of these distributions as functions of time, wavelength, and
elevation above the aluminum target. The extinction coefficients determine the ability of the plasma to attenuate
incident laser radiation. The extinction coefficient distribution was determined by scanning a He:Ne probe laser
through the plume and converting line-of-sight measurements to a radial distribution. Results indicate that the
aluminum plume is optically thin in the first 80 /*s after formation and that the radial extinction coefficient
profile has a Gaussian distribution.

'extinction

/ne,

'scattering augmentation

'total

'A

N

R
r
S
y

Nomenclature
amplitude of Gaussian distribution,
dimensionless
spectral directional intensity emitted
by the plume, W/cm2 sr ^m
spectral directional intensity
extinguished by the plume,
W/cm2 sr jitm
net intensity, active-passive,
W/cm2 sr /Jim
change in spectral directional intensity
by scattering augmentation,
W/cm2 sr jitm
spectral directional intensity at the
end of the optical path, W/cm2 sr jam
spectral directional intensity,
W/cm2 sr {Jim
spectral directional intensity entering
the plume, W/cm2 sr /mi
spectral directional intensity measured
with the He:Ne probe laser on,
W/cm2 sr urn
spectral directional intensity measured
with the He:Ne probe laser off,
W/cm2 sr ju-m
extinction coefficient, cm"1

total number of rings for a particular
y position
plume radius, mm
radial position, mm
optical path, mm
direction of scans with the probe
laser, mm
optical thickness along the optical
path
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KA = plasma optical thickness,
dimensionless

a)0 = Gaussian waist, mm

Introduction

T HE purpose of this study was to temporally measure the
extinction coefficient of a two-dimensional, axisymmet-

rical cylindrical plume at one wavelength. Knowledge of the
radiative properties will aid in the understanding of the ra-
diative heat transfer mechanisms within a laser-produced plume.
One theory to explain the physical phenomena of thermal
coupling is that very large radiative heat fluxes occur from
the plume to the target surface, enhancing the energy that
reaches the target. The effective increase in absorptivity of
the surface is termed thermal coupling.

As the laser strikes a surface, the material is heated until
it is first melted, then vaporized. The vapor absorbs more
energy and may form a high-temperature plasma near the
surface. The plume can emit, absorb, and scatter incident
laser energy. Goncharov and Karaban1 observed the plume
to be cylindrically shaped. Elder et al.2 developed a method
to measure the absorption and emission coefficients and
temperature in a cylindrically symmetric nitrogen plasma col-
umn generated by an electric arc. Patel and Brewster3 mea-
sured transmittance of a laser-produced plume using a He:Ne
probe laser across the plume diameter at a single elevation.
Malyshev et al.4 used the scattering of a probe laser to
determine the electron temperature and number density of a
laser-produced air plasma. Goncharov and Karaban1 used a
ruby probe laser to study the absorption and scattering of a
laser-produced plasma at different elevations above a target
at a particular time using a Nd laser. Two-dimensional tem-
poral measurements of extinction coefficients for a laser-
produced plume have not been reported in the literature.
Based upon modeling studies of Minardi and Bishop,5-6 it is
expected that the radiative properties of the plume would
vary in a similar fashion with the radial distribution of the
incident laser beam.

Mills et al.7 examined the role of the plume in thermal
coupling by determining the minimum intensity required to
vaporize a metal target and compared this to the thermal
coupling threshold intensity. A strong correlation was ob-
served between these two intensities and it was concluded
that measurement of the radiative properties would explain
the role of the plume in laser machining.

This work provides data required to analyze conditions under
which the plume formed during laser exposure enhances en-
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ergy delivery to the surface. The physical mechanisms for this
enhancement are not fully understood. One of the obstacles
to understanding the role of the plume is that the radiative
properties, the extinction and absorption coefficients, the
scattering coefficient, the temperature distribution, and the
scattering phase function of the plume are generally unknown.

The radiative property distributions may provide insight
into laser-plume-material interaction processes involved in
laser machining of metals. An added benefit of this research
is that the input into computer models of thermal coupling of
laser energy to metal surfaces will more accurately reflect
these properties. The measurement of the extinction coeffi-
cient distribution is the first step in an effort currently under
way to measure all of the radiative properties in a laser-pro-
duced plume.

Formulation of Experimental Technique
The extinction coefficient was determined using a Nd: Glass

laser as the incident laser to an aluminum alloy 1100 (99.9%
pure) surface. In order to determine the extinction of the
plume, a He:Ne probe laser at a wavelength of 0.632 fjum and
known intensity was sent through the plume. The probe laser
was passed through the plume at one elevation and various
radial positions to obtain a distribution. The attenuation of
the probe laser was measured with a high-speed photodetector
encased in a light tight case as shown in Fig. 1.

The method for determining extinction coefficients uses the
equation of radiative transfer8 which can be written as

Plume Producing Laser Beam

•* total ^extinction ' ^emission "~ *sc mering augmentation (i)
The total intensity exiting a plume along a particular optical
path is the sum of external radiation attenuated by the plume
according to Bougeur's law, the intensity emitted by the plume
into the optical path, and the intensity of radiation scattered
into the optical path from other directions.

Equation (1) is applied to two physical situations. The first
case, the "passive case," occurs when the probe (He:Ne) laser
is not used. The target is irradiated using the incident Nd:Glass
laser, and a plume forms. The photodetector will detect the
plume emission, but no probe energy passes through the plume
to be extinguished. In the second case, the "active case," the
probe laser enters the optical path at K = 0 as shown in Fig.
2. The geometry shown in the top view of Fig. 2 bears some
discussion in that two coordinate systems are used. The radial
extinction coefficient profile is obtained at one elevation and
the He:Ne laser is scanned across the plume in the y direction.
A ring method is used to unfold extinction measurements at
different y positions to the radial distribution of the extinction
coefficients. The photodetector in the active case records en-
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Fig. 2 Extinction pathways for probe (He:Ne) laser, K is along the
optical path of the He:Ne probe laser beam, y is normal to the He:Ne
probe laser beam.

ergy received from the plume by emission, scattering aug-
mentation, and the energy from the probe laser that has passed
through the plume. The optical pathway for the extinction is
from K = 0 to K: = KA. A bandpass filter is used to filter all
wavelengths except the 0.632 ^m produced by the He:Ne
laser, and a 0.750-jam low pass filter is used to provide ad-
ditional blocking of the Nd:Glass laser. The effect of the filters
is that radiation of wavelength 0.632 jam is the only radiation
received by the photodiodes. The equations for the two cases
are given as

Case I

f = f + /•* * emission ' •'scatterin;ig augmentation (2)

(3)

Case II

* ^extinction ' -^emission ~r -^scattering augmentation

Subtracting Eq. (2) from Eq. (3) gives

-'net -'extinction ' ^emission II ' ^scattering augmentation II

-'emission I -'scattering augmentation I

Equation (4) can be simplified by realizing that the He:Ne
probe laser energy (juJ) is small and does not contribute to
heating the plume. This means that plume emission in the
two cases will be the same. Also, since the probe laser energy
is collimated and the angle of acceptance of the photodiode
in the light tight case is less than 0.0008 sr, scattering aug-
mentation could only be important if the probe laser energy
were scattered out of the optical path and then rescattered
after some multiple scatters directly into the optical path.
Approximately 0.05% = (47r)~3 of the incident intensity would
be scattered back into the optical path considering three
isotropic scatters with no attenuation of energy between points
of scatter. Also, the plume is expected to be optically thin so
that the intensity of light that is scattered by the plume is
small compared to the intensity of light transmitted through
the plume. Therefore, if the emission and scattering aug-
mentation terms are approximately the same for both cases
I and II, then Eq. (4) reduces to

/net = /extinction = '^active ~ ^passive =' ^(0)CXp( - KA) (5)

A more convenient form that uses relative values of intensities
can be obtained by dividing both sides of Eq. (5) by /A'(0)

' A, passiv / x= exp(-*A) (6)

Fig. 1 Experimental setup for measuring extinction coefficients.
The initial intensity /A'(0) is obtained by measuring the He:Ne

intensity just prior to entering the plume. The use of relative
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intensities negates the need for conversion of raw data from
the photodiodes. Another result of subtracting the passive
measurements from the active measurements is that the angle
of acceptance of the photodiodes becomes unimportant.
Equation (5) shows that the difference of active and passive
measurements is the /extinction term, which is merely the ex-
tinction of the He:Ne probe laser. This term contains infor-
mation only along the collimated optical path of the He:Ne
probe laser. The extinction of the He:Ne probe laser is mea-
sured at different y positions (as shown in Fig. 2) at an ele-
vation of 0.75 mm above the surface. Scans are obtained by
moving the test platform shown in Fig. 1 across the plume so
that the radial distribution of extinction coefficients is ob-
tained. A separate laser shot was used for each active and
passive measurement at each position. The photodiode signal
was stored by the digital oscilloscope, and subsequently trans-
ferred to the computer. The oscilloscope was set so that there
were 2 /AS between each digitized measurement of intensity.
Two types of measurements, the active and passive, were
taken at each y position (as shown in Fig. 2). After seven
active and three passive measurements were obtained, the
test platform was moved 0.2 mm in the y direction as shown
in Fig. 2. Therefore, 10 separate laser shots were required to
obtain the data for each position. This was continued until
the temporal profiles of the active and passive measurements
were obtained for all positions from y = 0 to y = R. The
diameter of the plume changed with height, and was not known
a priori. Therefore, measurements were taken from some-
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Fig. 3 Path lengths for the ring method.9
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where beyond the center of the plume ( — y in Fig. 2) to beyond
(+ y > R in Fig. 2) the outer edges until no signal was recorded
from the plume. The edges were then determined to be at
these locations, and due to symmetry, half the diameter lo-
cated the plume center. Each shot of the Nd: Glass made a
hole about 3 mm in diam and about 1 mm deep. The sample
was placed on a rotational stage and shots were made in a
radial pattern so that a clean surface was exposed to each
Nd:Glass laser shot. For consistency, the surfaces were pre-
pared the same by being wet-sanded with 400-grit sandpaper
and washed with deionized water, followed by acetone.

To obtain the extinction coefficients, a ring method devel-
oped by Cassatta9 was employed. This method treats the plume
as axisymmetric consisting of a series of constant property
rings as shown in Fig. 3. The extinction coefficient is calcu-
lated for the outer ring first, and this is used to determine
coefficients at each successive interior ring. At each radial
location the measurement is composed of the previous rings
and the current one. The variation of optical path length
through each ring was determined by calculating the path
length of each ring at each radial location. Taking the log of
both sides of Eq. (6) and substituting for the extinction coef-
ficient in terms of the path length S yields

*A,active(Q)

^ A,activeV'VA/ ' A,passiveV^A

N

ds*

Fig. 4 Active measurement vs time at y = 0: a) all data series and
b) deviant series removed.

(7)

The initial intensity entering the plume was measured in
the active case. The change of intensity through the plume
was the difference in intensity between the active and passive
cases. KM is the extinction coefficient of each individual ring,
Sj is the length of the optical path of each individual ring, and
TV is the total number of rings from the plume edge to the y
position of interest. The assumption in using the ring method
is that the plume is optically thin and does not cause refraction
of the light from the pathway. McKay et al.10 found the dif-
ference of the index of refraction of a laser-produced alu-
minum plume compared to air to be on the order of 10 ~3.
Cheng and Casperson11 found that the maximum deflection
of a He:Ne beam by a laser-produced aluminum plasma is
less than 0.5 mrad.

Experimental Apparatus
The experimental setup is shown in Fig. 1. A 70-J Nd:Glass

laser was focused at the aluminum surface and fired. The
Nd:Glass laser was focused to obtain spectral, total intensity
levels of 5 x 105 W/cm2 /urn. The pulse length of the laser
was about 2 ms, composed of microsecond spikes superim-
posed in a train throughout the pulse. The pulse spikes vary
by less than 5% in magnitude and have a phase shift (in jas)
from shot to shot, although the Nd:Glass laser beam was
found to be repeatable when averaged. This repeatability is
important due to the number of shots required to complete
a data scan. The probe laser was passed through the plume
and captured by a photodiode. The photodiode signal was
received at an oscilloscope where the speed was set at 2 /ts
per digitized point.

Three passive and seven active measurements were taken
at each position and separately averaged to reduce the vari-
ability in the data. The repeatability of the passive measure-
ments was good. However, there was some variance in the
active data. For this reason, more active measurements were
obtained. To reduce the total number of measurements needed
for the active case, data sets that did not follow the trends of
the other data sets were eliminated. The elimination criteria
was based upon two factors: 1) repeatability of the data at a
particular y position, and 2) repeatability with data at adjacent
y positions. These criteria were applied in the following man-
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Fig. 5 Optical thicknesses at various times: a) 0-10 ps, b) 10-20 /us, c) 20-30 /is, d) 30-40 /us, e) 40-50 /AS, f) 50-60 ps, g) 60-70 JAS, and
h) 70-80 fJLS.

ner. First, all of the data sets at a particular y position were
graphed together along with the average of all data. The data
set that was the most deviant from the average was removed
and the average was recalculated.

This was continued until the average set of data was com-
posed of a number of similar data sets. If there was some
question as to which data set was the most deviant, the data
from an adjacent y position was used to give additional in-
formation by comparing intensity information at the current

y position to the intensity information at the previous y po-
sition. In most cases, two sets of data were eliminated, leaving
five.

It was observed during the course of the incident laser pulse,
that molten material was expelled from the hole that was
drilled. This has been observed by Bass et al.12 and Goncharov
and Karaban.1 Cover glasses were needed all around the test
area to protect the optics from damage. In an earlier study,
Mills13 concluded that liquid droplet formation at later times
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during the laser pulse cause additional extinction of the probe
laser beam, rendering the techniques developed here unsat-
isfactory.

Results and Discussion
Figure 4 shows the raw active data obtained through the

center (y = 0 in Fig. 2) of the plume. Figure 4a shows all
series with the average highlighted by markers, and Fig. 4b
shows the data series remaining after deviant series were re-
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Fig. 6 Radial profile of the extinction coefficient at various times: a)
20-30 /AS, b) 30-40 /AS, c) 40-50 /us, and d) 50-60 /us.

moved with the average highlighted by markers. The laser
fires at approximately 10 /AS.

Figure 5 shows the optical thickness (unitless) at the dif-
ferent y locations obtained from Eq. (7). The y position is in
millimeters, and a y position of 0 mm corresponds to the
center of the plume. Increasing values of y position show
movement away from the center of the plume. All graphs
shown are time averaged. The average of five oscilloscope
points, two above the center and two below, are used for each
graph. Therefore, with a time between each oscilloscope point
of 2 /ts, each graph covers a time interval of 10 /AS. Figure 5a
represents 6 /AS after the Nd:Glass laser is fired, whereas each
succeeding graph is 10 /AS later. Later times are not shown.
The reason for this will be forthcoming.

Figures 5a and 5b show no extinction. This implies that at
these times, the plume has not formed at the elevation at
which the data was taken, 0.75 mm above the surface. This
is in agreement with Mills et al.7 (1991) who calculated that
the plume forms at the surface at least 10 /AS after the laser
has fired for the intensity level. The plume would require
additional time to travel to an elevation of 0.75 mm. Figures
5c and 5d show extinction at the center of the plume (y po-
sition of 0 mm) that falls off quickly towards the edges. Figures
5e and 5f also show extinction at the center of the plume that
falls off towards the edges with slight increases at y positions
of 0.6 and 0.8 mm. These increases also appear at the same
position in Fig. 5g. To obtain extinction coefficients, the best
fit line was drawn through the optical thickness data shown
in Figs. 5c-5h. The source of these increases in optical thick-
ness is believed to be liquid droplets which are observed at
later times. In Figs. 5c-5h, the markers are the original data
and the lines without markers are the curve-fitted data. In
each case (with a slight exception in Fig. 5d), the best fit was
a Gaussian profile {A exp[ — (r2/^2,)]}. This has some impli-
cations that will be discussed later. It should be noted that in
Fig. 5d, the center point in the fit was kept the same as the
raw data, and all other points were given a Gaussian fit.

The optical thickness of the plume never exceeded 0.05 for
the times shown at this elevation. This means that the plume
is optically thin, which agrees with the results of Knudtson et
al.14 Patel and Brewster3 observed a transmittance of 0.95 at
about 50 /AS for a laser-produced plume obtained at a spectral,
total laser intensity of 106 W/cm2. This corresponds to an
optical thickness of 0.05.

Information on the variation of plume size with time can
also be inferred from Fig. 5. The edge of the plume can be
identified as the first position where the optical thickness is
zero. By applying this criteria, one sees that the plume radius
is 0.4 mm between 20-30 /AS after the laser has fired, 0.6 mm
between 30-40 /AS, 0.6 mm between 40-50 /AS, 0.6 mm be-
tween 50-60 /AS, 1.0 mm between 60-70 /AS, and 0.8 mm
between 70-80 /AS.

This optical thickness data was used to calculate the radial
distribution of the extinction coefficients by using Eq. (7).
These distributions are shown in Fig. 6. In Fig. 6a, raw (i.e.,
not curve-fitted) data was used. The variation in this graph
represents experimental error. It should not be inferred that
the extinction coefficient is negative. A negative extinction
coefficient is unrealistic. The negative values of the extinction
coefficient in this graph are due to experimental error. In the
rest of the graphs, the curve-fitted optical thicknesses from
Fig. 5 were used. The extinction coefficients for the times
prior to those shown in Fig. 6 are essentially zero as is shown
by Figs. 5a and 5b, which have optical thicknesses of essen-
tially zero. Between 20-50 /AS, the profile of the extinction
coefficients closely follows a Gaussian distribution, A exp[ - (r2/
co2,)]. This result has significance because the Nd:Glass laser
was operating approximately in a TEM()0 mode, a Gaussian
distribution of laser beam intensity. This may imply that the
distribution of extinction coefficients follows the mode of the
laser beam at the early times. Minardi and Bishop5 suggested
from modeling studies that the properties and temperature
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distribution would follow the laser beam profile. The ampli-
tude of the extinction coefficient begins growing between 20-
30 jus, peaks between 30-40 ^ts, and decays between 40-60
//,s. This is due to the plume moving up the Nd:Glass laser
beam. This movement was observed by Stegman et al.15 and
McKay et al.10 As the plume travels up the laser beam and
separates from the surface, the extinction near the surface
decreases.

Another interesting feature can be observed between 50-
60 fjis. The extinction coefficient at the center of the plume
is actually lower than the extinction coefficient at 0.2 mm
from the center. This off-axis peak in the extinction coefficient
is not unexpected. Mills12 found a similar off-axis peak in the
absorption coefficient distribution of an aluminum plume pro-
duced with a laser beam intensity of 106 W/cm2, 3 mm above
the surface 250 IJLS after the laser was fired. The extinction
coefficient is the sum of the absorption and scattering coef-
ficients, and therefore, since the absorption coefficient shows
off-axis peaks, the extinction coefficient may also show an
off-axis peak. This behavior may be understood by examining
the radial temperature distribution. Cassatta9 showed that the
radial temperature distribution follows the absorption coef-
ficient distribution. The off-axis peak temperature is caused
by the symmetric nature of the Gaussian beam, which in the
radial direction results in zero radiative fluxes at the center
and edges. Therefore, the maximum flux and temperature
must occur somewhere between these locations.

At later times the extinction coefficient at the plume center
(y = 0) becomes strongly negative. We believe the reason
the extinction coefficient goes negative is that liquid droplets
are present within the plume. This causes excess extinction
of the probe laser beam. Lumpp and Alien16 reported a plume
wave from an aluminum surface irradiated by a laser followed
by a material wave. The material wave was in the form of
liquid droplets. Droplets are opaque to radiation and cause
extinction of the He:Ne probe laser. The ring method by
which the optical thicknesses are converted to extinction coef-
ficients starts at the edge of the plume and then works towards
the center. This means that when a droplet has interfered with
the probe laser at a position near the edge, the value of the
extinction coefficient will be underestimated towards the cen-
ter. This underestimation can reach the point where negative
extinction coefficients are obtained. It is clear that the mea-
surement technique breaks down at later times when liquid
droplets are present.

Summary
Extinction coefficients of laser-produced aluminum plumes

were measured as a function of radial position and time at
one elevation. It was found that the extinction coefficients
decreased with radial distance from the laser beam center.
The plume, within the first 80 JJLS, was optically thin with
maximum extinction coefficients of 0.6 cm ~ l at the laser beam
center as observed in Fig. 6b. This corresponds to an optical
thickness of about 0.04.

The extinction coefficients were measured at the wave-
length of the He:Ne probe laser (0.632 ju,m). The choice of
wavelength was made due to the cost efficiency and ease of
operation provided by He:Ne lasers. This experimental work,
although limited to a single wavelength, is the first to measure
radial profiles of extinction coefficients and provides a first
estimate of the extinction coefficient profiles for the entire
plume. These measurements are necessary to understand laser-
plume-material interactions. Knowing the radiative properties
of the plume allows calculation of the radiative fluxes to the
surface during laser machining processes. It would be useful
to obtain radiative properties at other wavelengths, including

that of the plume producing laser. The techniques developed
here to determine extinction coefficients cannot be used for
longer times when liquid droplets are present in high con-
centrations.
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