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Abstract

In Laser Material Processing of metals, an understanding of the fundamental 
absorption mechanisms plays a vital role in determining the optimum processing 
parameters and conditions. The absorptance, which is the fraction of the incident 
laser light which is absorbed, depends on a number of different parameters. These 
include laser parameters such as intensity, wavelength, polarisation and angle of 
incidence and material properties such as composition, temperature, surface 
roughness, oxide layers and contamination. The vast theoretical and experimental 
knowledge of the absorptance of pure elements with smooth, contamination-free 
surfaces contrasts with the relatively sparse information on the engineering 
materials found in real processing applications. In this thesis a thorough 
investigation of the absorption mechanisms in engineering grade materials has 
been started. The Licentiate thesis consists of 5 papers.

Paper 1 is a short review of some of the most important mathematical models used 
in describing the interaction between laser light and a metal.  

Paper 2 is a review of a few experimental methods of measuring the absorptance 
of an opaque solid such as a metal.  

Papers 3 and 4 are experimental investigations of the absorptance of some of the 
most frequently found metallic alloys used in Laser Material Processing today.  

Paper 5 is a co-authored paper on the cleaning of copper artefacts with the use of 
second harmonic generated Nd:YAG laser light. 
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Introduction

Introduction

1. Motivation of the Thesis 

Metal processing with lasers has reached a high level of maturity and acceptance 
in industry. It is used for cutting, drilling, welding, forming, engraving, marking, 
hardening and various forms of surface treatment of metals in a broad spectrum of 
modern industries, including the automotive and aerospace industries, the 
shipbuilding industry, the microelectronics industry and the medical instrument 
industry to name a few. 

Common to all these applications, is that the laser light is transformed into heat. 
This is the fundamental process of light absorption and can often be a determining 
factor in whether a process will be successful in a particular material under certain 
circumstances or not. 

In the field of material optics the studies of light interaction with metals have 
usually been concentrated on pure metallic elements with surfaces as smooth and 
clean as possible. This is understandable from the point of view of finding 
correlation with existing theories from solid state and condensed matter physics. If 
any handbook of chemistry or physics is picked up from a library, this is usually 
the experimental data that will be found. However, the engineering grade metals 
and metallic alloys found in real life processing with lasers have various forms of 
texture and roughness on their surfaces and also have layers of oxides on top of 
them. The sparse amount of experimental data for these kinds of non-perfect but 
more realistic surfaces is a limitation to the modellers of laser metal processing 
who need accurate heat input data for their heat conduction problems.  

2. Methodological approach 

The methodological approach of this Licentiate thesis can be understood by 
reference to the structure and order of the papers included. The work began by 
making an overview of the existing mathematical models of laser absorption in 
metals (see paper 1 for details) and this lead to a realisation of the lack of theory 
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and experimental data for the engineering grade metals and metallic alloys found 
in real life processing applications.

A study and review of the available experimental methods for measuring laser 
absorption in metals was then initiated and a potential candidate was found in the 
method of measuring reflectance using an integrating sphere. For opaque solids 
like metals, which do not transmit light unless they are very thin, a direct 
correspondence between reflectance and absorptance can be found (see paper 2 
for details).

An experimental investigation was then started on the reflectance and absorptance 
of some of the most frequent steels and non-ferrous alloys found in processing 
with lasers today, including mild and stainless steel, copper, aluminium and brass, 
etc. The results of these investigations can be found in papers 3 and 4. 

The final paper is a co-authored paper on the cleaning of copper artifacts using a 
second harmonic generated Nd:YAG laser. In this case the measurement of 
absorptance of the metal and its oxidised surface contributed to the formulation of 
a theory of the laser-material interactions involved. 

3. Laser Absorption in Metals – A Short Introduction 

Shortly after the advent of the first ruby laser in 1960, experimental investigations 
of laser effects on materials began to appear. The first lasers developed were too 
weak and too unstable for any industrial use, but since the early 60’s the field of 
lasers and photonics has evolved and expanded at such a rate that modern lasers of 
today are capable of cleaning, marking, cutting, welding, drilling and surface 
treating diverse forms of materials with remarkable precision. As higher powers, 
better beam qualities and an expanded number of wavelengths have become 
available, more and more applications are being invented, investigated and 
brought into practical use. The future for these technologies seems bright as we 
enter the realm of the 21st century, which by optimists is predicted to become “the 
century of the photon”. 

One of the two true workhorses of laser metal processing is the Nd:YAG laser 
(the other one being the CO2), operating in the near infrared just outside the 
visible wavelength region (see Figure 1). The Nd:YAG laser (or the similar in 
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wavelength (colour) Nd:YLF laser) is used routinely to cut and weld metals, 
metallic alloys and ceramics. This Licentiate thesis is devoted to the study of the 
laser absorption mechanisms involved when using a Nd:YAG or a Nd:YLF laser 
to process metals, both on a theoretical and experimental basis. 

Fig. 1: The infrared, visible and ultraviolet spectral wavelength regions, with the 
positions of the CO2, the Nd:YAG  and the Nd:YLF laser wavelengths. SHG 
denotes the second harmonic generated (double-frequency, half wavelength) 
versions of the latter two. 

For a laser metal processing application to be possible, the electromagnetic energy 
of the laser light needs to be transformed into thermal energy inside the metal. 
The amount of transformed energy is determined by the light absorption 
mechanisms in the metal. It is this “secondary” type of energy, the absorbed 
energy, rather than the laser beam itself, that is available for heating the metal and 
producing the effect that we want, whether it be cutting, welding, drilling or so on. 

Laser absorption in a metal depends on a number of different parameters, both 
involving the laser and the metal. 

The laser parameters of importance are the wavelength (or colour) of the light, the 
angle with which the beam impinges on the metal surface (see Figure 2) and the 
polarization of the beam, which is related to how the electric field in the light 
wave is oriented. It can also, in some circumstances, be dependent on the 
intensity, which is a combination of the power and focal spot size of the laser 
beam. 
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i

iI

plane of 
incidence

   Fig. 2: Depicting the angle i with which a laser beam strikes a 
                 surface. 

The primary material parameter determining the amount of absorbed light is the 
composition of the material, whether we are dealing with a pure element (such as 
copper, iron, aluminium, etc.) or an alloy (such as brass or steel). Regardless of
the composition, light always interacts with the electrons inside the metal or the 
alloy, since light is an electromagnetic wave and electric and magnetic fields only 
interact with charged matter (atomic nuclei are usually so heavy that they cannot 
be moved around easily and their influence is often neglected). The electrons will 
be accelerated by the electric field and through various collisions with the other
constituents of the metal, energy will be transferred to the lattice (the 3D atomic
structure of the solid). 

As energy is transferred to the metal, the metal will heat up and as the temperature
is elevated the amount of absorbed light may change, since both the electrons and 
the lattice atoms in the metal gain kinetic energy which will influence the
collision frequency.

Absorption is also heavily dependent upon the surface properties of the metal or 
the alloy. Most real life surfaces are not perfectly flat (not even near-perfect 
mirrors) and have certain degrees of texture and roughness to them, which will 
influence their optical behaviour. Pits and valleys (see figure 3) may, for instance, 
“trap” some of the light and thereby enhance absorption. 
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     Figure 3: Left hand side: Profilometry scan of a rough metal surface. Right   
     hand side: The texture of a surface may “trap” some of the light and
     enhance absorption. 

Metals also naturally have a layer (or several layers) of oxides on the surface and 
the chemical and optical properties of the oxides can often be very different from 
the properties of the metal or alloy underneath. We may then, for instance, get the 
situation depicted in figure 4 where the light is “caught” by the oxide layer which 
may further increase the absorption. This is similar to how the green-house effect 
works in our atmosphere which can cause global warming of our planet. 

Figure 4: An oxidized surface may “catch” the light inside  
the oxide layer, which may further enhance absorption. 

Finally, contamination such as dirt, oil or dust also changes the absorptive 
potential of a metal surface. This can be substances left by earlier processing steps 
(such as polishing or finishing), from handling or even from the fabrication of the 
metal or the alloy itself. 
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4. Conclusions of this thesis

The Licentiate thesis consists of five papers: 

The first paper is a short review of some of the most important mathematical 
models on laser absorption in metals and explains the laser and metal parameters 
of interest in this respect. These are the laser parameters of wavelength, angle of 
incidence, polarization and intensity and the material parameters of composition, 
temperature, roughness, oxide layer chemistry and thickness and various forms of 
contaminations in the bulk and on the surface of the material. 

The second paper is a review of a number of experimental methods available for 
the scientist and engineer to measure and quantify how much laser light is 
absorbed in a metal. The absorptance can be measured “directly” using laser 
calorimetry. It can be determined indirectly by measuring the reflectance, using 
reflectometers like gonioreflectometers, integrating spheres and integrating 
mirrors, or by measuring emittance, which is done by emittance radiometry. 

Papers three and four are experimental investigations of the laser absorptance of 
some of the most commonly used engineering grade metals and alloys used in 
modern material processing with lasers, including mild and stainless steel, 
aluminium, copper and brass. In this work, it was found that the measured 
absorptances of as-received engineering grade metals and alloys can differ 
substantially from the tabulated values found in literature, since the latter are 
usually for pure, clean and smooth surfaces. 

The final paper is a co-authored paper on the interesting application of using a 
frequency-doubled Nd:YAG laser to clean oxides of copper artifacts, in this case 
copper coins. This is an application where absorption plays a fundamental role for 
the quality of the outcome. A conclusion of this paper was that a frequency-
doubled Nd:YAG laser may well be used to clean the oxides, but that there is 
always a residual alteration of the coin surface; either from melting of the coin 
surface or from the transformation of the oxide surface into small metal droplets 
which adhere to the surface of the coin. 
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5. Future outlook 

Theoretical as well as experimental knowledge is still lacking in many areas of 
light absorption in metals. The optical properties of metallic alloys and how the 
concentration of the constituent elements influences the quantum mechanical band 
structure and the optical reflectance spectra of the solids are examples of possible 
areas for further investigations.

The existing experimental data on the temperature dependence of light absorption 
is sparse, owing to the fact that the relevant experiments are cumbersome to set 
up. This data is, of course, of tremendous value to modellers in the field of laser 
metal processing since heating is the name of the game. Further research in this 
field is therefore required. 

During the experimental investigations of the engineering grade metals, the great 
influence of the surface properties on the final absorptance of the solid has been 
confirmed. A more thorough study of the separate contributions from roughness 
and oxides has been identified as the possible next steps in the research, to 
validate or refine the existing models on those topics (see paper 1). 

The idea of studying the absorptance of particulate metal substances has also been 
discussed, information that would be valuable for modellers of processes like laser 
cladding, laser surface texturing and laser rapid prototyping. 
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Mathematical Modelling of Laser Absorption
Mechanisms in Metals: A Review

D. Bergström1, A. Kaplan2, J. Powell3
1Mid Sweden University, Östersund, Sweden; 2Luleå University of Technology,
Luleå, Sweden; 3Laser Expertise Ltd., Nottingham, UK

Abstract

In Laser Material Processing, an understanding of the fundamental absorption mech-
anisms plays a vital role in determining the optimum processing parameters and
conditions. To this end, a combination of experimental as well as of theoretical
work is required. In this paper, results of some of the most important mathematical
models of laser-metal interactions are reviewed, including models for absorptance
dependence on wavelength, polarization, angle of incidence, workpiece tempera-
ture, surface roughness, defects, impurities and oxides.

1 Introduction

The development of laser material processing requires extensive empirical research
and the development of accurate, robust mathematical models. Many of these mod-
els have concentrated on various aspects of cutting [1, 2, 3], welding [4, 5, 6, 7] and
drilling [8, 9]. All models of different laser machining processes involve the un-
derstanding and modelling of the fundamental physical and chemical laser absorp-
tion mechanisms, ie. the mechanisms that rule the photon absorption phenomena.
Photon-matter interactions are complex, but it is evident [10] that the mechanisms
determining energy coupling into the workpiece, represent a key issue for the under-
standing of laser material processing and for improving the efficiency and reliability
of this technology. ”The Investigation of the dynamics of absorptivity variation dur-
ing the process of laser irradiation is one topic of paramount scientific and practical
interest” to cite Prokhorov et. al. [11].

11



Paper 1: Mathematical Modelling of Laser Absorption Mechanisms in Metals: A Review

2 Laser absorption in metals

Light impinging on a material surface can be reflected, transmitted or absorbed. In
reality, all three occur to some degree. In order for laser machining to be practical,
the laser light must be absorbed by the material.

To yield an efficient process, it is necessary to couple as much of the incident in-
tensity to the workpiece as possible. This coupling efficiency is described by the
sample absorptivity A (in some parts of literature this is also referred to as absorp-
tance, absorption coefficient or just absorption). The absorptivity is defined as the
ratio between the absorbed energy and the incident energy. Absorptivity changes
during the heating process and is a function of the sample’s optical properties as
well as the properties of the electromagnetic wave.

The beam and material properties of importance in this respect are [12]:

Laser Beam:

• Intensity

• Wavelength (λ),

• Angle of Incidence (α)

• Polarization, p or s (parallel or perpendicular to the plane of incidence)

Material:

• Composition (eg. pure metals, alloys, polymers, ceramics, composites, etc.)

• Temperature (T )

• Surface roughness

• Surface and bulk defects and impurities (eg. dust particles, abrasives, cracks,
pores, oxides, etc.)

12
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The aim of this paper is to review some of the different methods that have been
employed describing the influence of the above properties on absorption. Let us
begin this task with a brief overview of the basics of light-matter interaction and the
terms associated with it. There are two ways of describing this interaction. One is
by treating light as a wave and the other considers light particles (photons). In most
of the following treatment the first approach is used.

2.1 Basic electromagnetic theory and optical constants

Electromagnetic waves propagating through material can be described by Maxwell’s
equations [13]. A solution to the wave equation for the electric field strength E(z, t)
in the case of a plane wave propagating along the z-axis can be written as

E(z, t) = E0e
−(ω/c)kzei(ω/c)nze−iωt, (1)

where E0 is the amplitude of the field strength, n the index of refraction, k the
extinction coefficient, ω the angular frequency of the wave and c is the light velocity
in the medium. The first exponential on the right hand side describes an attenuation
(damping) of the wave, whereas the last two represent the characteristics of ”free”
propagation. As the intensity of an electromagnetic wave is proportional to the
square of the amplitude, the intensity will decrease over distance when the wave is
passing through an absorbing medium (see fig. 1). According to Beer’s law, for
homogeneous media 1:

I(z) = I0e
−αz, (2)

where α = 4πnk
λ0

is the absorption coefficient and λ0 is the vacuum wavelength. The
reciprocal of α is called the absorption length, lα, and is the distance after which the
intensity is reduced by a factor of 1/e.

The optical constants n and k can be calculated from the complex dielectric permit-
tivity

1In inhomogeneous media n and k depend on position and may in certain crystals even depend on
direction of propagation. In that case α must be replaced by α(z) in Eq. (2) and integrated along the
propagation path.
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Figure 1: Absorption of electromagnetic radiation where the intensity of the wave
is exponentially absorbed upon penetration. Figure taken from the Handbook of the
EuroLaser Academy [10].

ε = ε1 − iε2, (3)

using the following equations

n2 = (ε1 +
√

ε2
1 + ε2

2)/2,

k2 = (−ε1 +
√

ε2
1 + ε2

2)/2. (4)

The behavior of the optical constants, n and k, with respect to light and material
parameters such as wavelength and temperature is clearly of great interest and has
been for a long time. Various methods have therefore been developed to experimen-
tally determine these properties and extensive databases exist [14, 15], although
these are mostly for pure materials at room temperature with as clean and smooth
surface conditions as possible.

14
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2.2 Fresnel absorption

From Fresnel’s formulas [13] we can derive the following two fundamental rela-
tions, which show the absorptivity dependence on polarization and angle of inci-
dence:

Ap =
4n cos θ

(n2 + k2) cos2 θ + 2n cos θ + 1
,

As =
4n cos θ

n2 + k2 + 2n cos θ + cos2 θ
. (5)

These equations are valid when n2 + k2 � 1, which is the case for metals at a
wavelength λ ≥ 0.5μm (see fig. 2 for an example of Iron at 0.5μm.) For other
cases the full, exact expressions must be used, see for instance [13]. In Eqs. (5) the
suffixes p and s denote linearly polarized radiation parallel and perpendicular to the
plane of incidence (defined as the plane containing the direction of beam propaga-
tion and a line perpendicular to the surface), respectively. θ is the inclination angle
measured against the workpiece surface’s normal. In practice circular polarization
is often used. The absorption is in this case the arithmetic mean value of the p and s
components, ie. Ac = 1

2
(Ap + As). For normal incidence (θ = 0), Eqs. (5) simplify

to

Ap,s(θ = 0) =
4n

n2 + k2
, (6)

where the absorptivity is now polarization independent.

2.3 Absorption in real metals

In discussing absorption in metals and its dependency on the properties listed in the
beginning of this chapter, it is quite useful and instructive to separate the different
contributions to the absorptivity A [11]. Following the treatment of Prokhorov et
al. we can thus write

A = Aint + Aext = AD + AA + AIB + Ar + Aox + Aid, (7)

where Aint = AD + AA + AIB is the absorptivity determined by the intrinsic
(bulk) properties of the metal and consists of terms from the normal (D as in

15
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Figure 2: Absorption as a function of polarization and angle of incidence for Iron
(Fe) at 0.5μm. Figure taken from the Handbook of the EuroLaser Academy [10].
Note the maximum occurring in Ap for the angle θB, the Brewster angle.

Drude) and anomalous skin effect (A) as well as from interband transitions (IB).
Aext = Ar + Aox + Aid is the function determined by the external (surface) condi-
tions and contains terms from surface roughness (r), oxides (ox) and impurities and
defects (id). All the separate terms will be explained and dealt with in the following
sections.

2.4 Drude’s model - Intraband absorption

The absorptivity of metals shows a general tendency to increase when the frequency
of the incident radiation is increased from the infrared to the ultraviolet spectral
range (see fig. 3). An early attempt to describe the frequency/wavelength depen-
dence on absorptivity was carried out in 1903 by Hagen and Rubens [16], who
obtained

16
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Figure 3: Absorption as a function of wavelength for a few different metals. The
figure shows the simple Drude model regime for IR wavelengths and the onset of
interband contributions in the near IR and visible spectral regions.

AHR �
√

2ω

πσ0

, (8)

where σ0 is the electrical dc conductivity. This simple model was only applicable at
normal incidence (θ = 0) and turned out to be an acceptable approximation only for
longer wavelengths (see fig. 4). At short wavelengths deviations from experimental
results were severe, although it could be seen that its range of validity was shifted
towards shorter wavelengths for decreasing conductivity.

Modelling of optical constants from the elementary electron theory of metals is
based on the work of Paul Drude [17] in the early 1900’s. Drude’s model builds
on the assumption that the electron dynamics can be described as free electrons be-
ing accelerated by the electric field and being damped by collisions with phonons,
other electrons and with lattice imperfections. In connection with the collisions a
relaxation time τ and a relaxation wavelength λ can be defined 2. This is called

2This can mathematically be described by mr̈ = −m

τ
ṙ +(−e)E as the relevant equation of motion of

an electron with mass m and charge −e. The damping term comes from the collisions with phonons,
electrons and lattice imperfections.

17
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Figure 4: Absorption of iron at perpendicular incidence for a few temperatures.
Experimental data taken from literature. Modelling according to Hagen-Rubens
taking into account the temperature dependence of the dc conductivity. Figure taken
from the Handbook of the EuroLaser Academy [10].

intraband absorption as only electrons from the conduction band are involved.

In the study of the optical properties of free carriers in metals, we can roughly dis-
tinguish three different frequency regions [11, 18]

• ωτ � 1 � ωpτ (non-relaxation region, far IR):

n(ω) ≈ k(ω) ≈
√

2πσ0

ω
⇒ AD(θ = 0) �

√
2ω

πσ0

, (9)

which is the same result as that reached by Hagen and Rubens.

18
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• ωpτ � ωτ � 1 (relaxation region, near IR and visible):

n(ω) ≈ ωp

2ω2τ
, k(ω) ≈ ωp

ω
⇒ AD(θ = 0) � 2

ωpτ
, (10)

where ωp is the free electron plasma frequency.

• ω ≈ ωp and ω > ωp (UV region):

n ≈
√

1 − ω2
p

ω2
, k ≈ 0 ⇒ AD(θ = 0) ≈ 1, (11)

where the metal is seen to be practically transparent.

In the low frequency limit, ie. in the non-relaxation region, the Hagen-Rubens equa-
tion is seen to be the asymptote of the Drude theory and the correspondence between
theory and experiments is rather good. The optical constants of various metals (Ag,
Al, Au, Cu, Pb, W) in the infrared agree well to experimental values, see [19], but
this is not true in the visible and UV regions.

In the relaxation region, one would expect AD → 0 as the temperature T → 0
since the relaxation time τ increases when temperature is decreased [11]. However
experiments performed in the 1930’s indicated that not even the transition to su-
perconductivity was accompanied by a substantial decrease in AD. This behavior
was called the anomalous skin effect and occurs whenever the mean free path of the
electrons becomes comparable with the radiation wavelength and the penetration
depth. It is not incorporated in the Drude model which is referred to as the nor-
mal skin effect and must therefore be added if one wants an expression for the total
absorptivity. In the case of a crystalline lattice with a spherical Fermi surface, the
contribution is given by [11]

AA =
3

4

< vF >

c(1 + 1
ω2τ2 )

(1 − f) +
ω2

p

2ω2

< vF >

c3
f, (12)

where < vF > is the mean electron velocity and 0 ≤ f ≤ 1 is a parameter which
depends on the surface roughness. For an average roughness 100-200 Å one can
safely assume f � 0 and for a roughness not exceeding about 30 Å, f � 1 [11].
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The above model assumes only one kind of conduction electrons. In 1900 Drude
first actually proposed a formula based on the postulated existence of two kinds of
free charge carriers. Later he abandoned this idea, since it seemed inconsistent with
the electron theory being developed at that time. In 1955 Roberts [20] went back
to Drude’s original idea, which he interpreted in view of modern solid state physics
as conduction electrons originating from the s and d bands, respectively. For the
complex dielectric permittivity he wrote

ε = (n − ik)2 = ε∞ − i
σ∞λ

2πcε0

− λ2

2πcε0

(
σ1

λ1 − iλ
+

σ2

λ2 − iλ
). (13)

Here λi and σi are relaxation wavelengths and electrical conductivities for the two
sets of carriers, respectively. ε∞ accounts for the contribution of bound electrons
at long wavelengths compared to their resonance wavelengths, σ∞ is a conductivity
introduced as a correction factor for surface effects and λ is the wavelength of the
light. In this manner, good coincidence with room temperature data was obtained
at wavelengths above the so called X-point, which is a unique wavelength that is
special for each metal and is explained in section 2.10 (see fig. 5).

Another extension of Drude’s theory worth mentioning at this point was performed
by Wieting and Schriempf, who used it to calculate the absorption of alloys [21].
Good agreement was found for wavelengths above 10 μm, but large deviations were
observed for shorter wavelengths.

2.5 Interband absorption

So far we have only treated intraband absorption. For photon energies high enough,
interband absorption also takes place, ie. transitions between valence and conduc-
tion bands. For noble metals this is the case in the visible and UV part of the
spectrum and for transition metals it begins at lower energies [22].

To remedy the shortcomings of the Drude theory at shorter wavelengths, Roberts
therefore wrote a second paper in which he generalized his equation by taking in-
terband absorption into account [23]
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Figure 5: Absorption of iron at perpendicular incidence for a few temperatures. Ex-
perimental data taken from literature. Modelling according to Roberts two-electron
theory and for elevated temperatures by Seban. Figure taken from the Handbook of
the EuroLaser Academy [10].

ε = 1 − λ2

2πcε0

∑
n

σn

λrn − iλ
+

∑
m

K0m

λ2 − λ2
sm + iδmλsmλ

, (14)

where all parameters except λ, c and ε0 are considered arbitrary and which are ad-
justed independently to characterize any given metal. Since terms containing σn

and λrn all contribute to the dc conductivity, they may be attributed to conduction
electrons or free electrons. In the same way, those terms containing K0m do not
contribute to the dc conductivity and are therefore associated with bound electrons.

The above equation was used by Dausinger [24] who fitted it to room temperature
data of iron by Weaver et al. [22]. Fairly good agreement could be achieved by
taking 4 interband terms into account (see fig. 6).
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Figure 6: Absorption of iron at perpendicular incidence for a few temperatures.
Experimental data are taken from literature. Modelling by Dausinger including
both intraband and interband transitions. Figure taken from the Handbook of the
EuroLaser Academy [10].

2.6 External absorptivity

The appreciable scatter in absorption data in the literature and the often large dis-
agreement between data and the theory, mainly stems from the fact that the quality
of the surfaces of the irradiated samples is far from ideal. Consequently the total
absorptivity cannot be described only by the bulk properties of the metals and the
formula A = AD + AA + AIB, but must also, and often to a large extent, include
contributions from the surface conditions. 3 The main contributions of interest here
are the surface roughness, defects and impurities and oxide layers.

3The optical behavior becomes almost completely dominated by surface effects when the dimension
of the metal is shrunk to values of the order of the absorption length, such as in extremely thin
evaporated films or in aggregate structures consisting of small insulated metallic particles [25]
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2.7 Surface roughness

The influence of surface roughness on absorptivity can manifest itself in different
ways [11]. First there is the increase of absorption from surface areas where the
radiation angle of incidence θ 
= 0. There is also a contribution from grooves and
cracks which favor waveguided propagation and were there may be multiple reflec-
tions down the surface irregularities.

Fig. 7 shows the change in reflectivity with roughness for copper and aluminium,
after the metal surface was roughened by sandpaper with various grits (experimen-
tal results taken from Xie and Kar [26]).

Figure 7: Effect of surface roughness on reflectivity for copper and aluminium.
Experiment and figure taken from Xie and Kar [26], where stationary and moving
samples of Cu and Al were roughened with sandpapers of various grits.

In studies of the roughness dependence of absorption two essential regimes have
been considered. The first one is where the roughness, characterized by the rough-
ness parameter δ, is very small compared to the laser wavelength, ie. δ/λ � 1. In
this regime first-order perturbation with respect to the intrinsic absorptivity Aint can
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be used. A simple estimation of absorptivity for a rough surface, Ar, as compared
to the absorptivity of a very smooth surface of the same material, A ≈ Aint, can be
obtained with the expression [27]

Ar � 1 − (1 − Aint)e
−(4πδ/λ)2 . (15)

This equation was established on the assumption of a gaussian distribution of the
roughness height on the surface. The theory of Elson and Sung [28, 11] can be used
for other, more general, roughness distribution functions.

For large scale roughness δ/λ � 1 other models have been used, see for instance
that of Ang, Lau, Gilgenbach and Spindler [29], who modelled roughness as rectan-
gular wells with height and width described by gaussian-related distribution func-
tions. Calculations showed that an absorptivity increase of an order of magnitude
may be possible for a UV laser bound on an aluminium target (as compared to a flat
Al surface).

Not all roughness geometries lead to enhanced absorption though. This was ob-
served in an experimental and theoretical analysis performed by Matsuyama et al.
[30]. They showed that the peak absorptivity decreased using an asymmetric trian-
gulated surface model.

2.8 Oxide layers

The surfaces of conventional metals, when kept in air, are most often covered by an
oxide layer that sometimes shows a multilayer structure. Oxide layers can cause an
increase in sample absorptivity by as much as an order of magnitude. [31].

The thickness x and the structure of the oxide layer are the main properties that
determine this absorptivity contribution, Aox. These properties may well change
during the laser processing because of their temperature dependence (see for in-
stance [11] for a few different models of oxidation kinetics due to Cabrerra et al.).
The effect is also highly influenced by the wavelength used, which has been con-
firmed by experiments.
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Figure 8: Absorption can be significantly enhanced due to oxide layers on metals.
This effect is mainly due to the interference phenomena occurring inside the layer,
where the beam is partly absorbed, partly reflected at the metal and partly reflected
back again at the oxide-atmosphere boundary.

To obtain a correct dependence Aox(x) it is necessary to consider the interference
phenomena occurring within the metal-oxide layer (see fig. 8). In the simple case
of a layer of a single type of oxide that grows with uniform thickness on the surface
of the metal sample, the following formula has been presented [32]

Aox(x) =
r12e

−2iϕ(x) + r23

e−2iϕ(x) + r12r23

, (16)

where

ϕ(x) =
ω

c0

x
√

εox, r12 =
1 −√

εox

1 +
√

εox

,

r23 =
r12 − r13

r12r13 − 1
, 1 − |r13|2 = AM . (17)

Here r12 and r13 are the amplitude coefficients of radiation reflection on oxide and
metal, εox = nox + ikox is the complex dielectric permittivity of the oxide and AM

is the metal absorptivity. In fig. 9 the absorptivity as a function of both oxide layer
thickness and angle of incidence can be seen for a circular polarized beam in a
typical metal. In the work of Arzuov et al. the following result was derived using
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Figure 9: Absorptivity as function of oxide layer thickness (here normalized with
respect to the wavelength) and angle of incidence for a typical metal. Figure taken
from Franke [33]. Observe the original Fresnel curve for no oxide layer.

the approximations that (1): the oxide absorption is much larger than the metal
absorption, ie. 1−|r12| � AM , (2): the oxide layer x � 1 m and (3): the refraction
index of the oxide nox > 1

Aox(x) =
n2

oxAM + 2kox(βx − sin βx)

n2
ox + (1 − n2

ox) sin2(βx/2)
, (18)

where β = 2ωnox/c0.

Simpler formulas have also been used in different papers, eg. [32]

A(x) = AM + 2αx, (19)

which was derived from Eq. (18) under the conditions x � λ/(4πnox), nox−1 � 1
and 2αx � 1. Another one is

A(x) = AM + bx2, (20)
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where b = 4π2(n2
ox − 1)AM/λ2 and was seen suitable for thin oxide films [34].

2.9 Other external absorptivity contributions

Impurities scattered on and in the metal surface can increase the absorption of ra-
diation. One example is dust particles of different size and shape, which may lead
to centers of sharply enhanced local absorptivity. Another is abrasive particles left
behind by polishing, whose contribution to the absorption is largely determined
by the species of embedded particles and their absorptivity properties at the laser
wavelength in use. Therefore, as a general rule to reduce/eliminate the influence of
absorption by the inclusion of particles, the polishing materials should be transpar-
ent at the appropriate wavelength [11].

Apart from impurities we may also have additional absorption from defects occur-
ring in the bulk of the material, such as pores, cracks and grooves. Their role in in-
creasing locals absorptivity has been shown in the following references [35, 36, 37].

Also, flaws in the metal sample itself may cause locally enhanced absorptivity, such
as for instance flakes. Flakes are examples of parts of the metal that are thermally
insulated and therefore are overheated compared to the surrounding material during
the laser processing. A formula for how to calculate the overheating is suggested in
[11].

These effects make up the final absorptivity contribution, Aid of Eq. (7). Other ex-
ternal effects than those mentioned here might also contribute, such as effects from
the surrounding plasma cloud, diffuse electron scattering (particularly in thin films)
and plasmon excitations 4, etc.

As we have covered the different terms in (7) we now turn our attention to the varia-
tion of absorptivity with temperature, which is an important factor in understanding
the dynamic behavior during a laser process.

4Plasmons are collective oscillations of conduction electrons in metals and semiconductors. Plas-
mon excitation occurs by p-polarized light at an incident angle slightly above critical angle for total
internal reflection.
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2.10 Variation of absorptivity with temperature

A knowledge of the variation of absorptivity with temperature is of great practical
importance in calculations. The temperature dependence of the optical properties
of metals has been studied theoretically in many papers, eg. [37, 38, 39].

In the Drude model regime, ie. when the interband contributions are negligible,
it can be shown that absorptivity increases with temperature [11]. The reason is
essentially that both the dc conductivity and the relaxation time decreases with tem-
perature and therefore dAD

dT
> 0 according to Eqs. (9) and (10).

Let us now examine the dependence A(T ) in two different temperature ranges: from
room temperature up to the melting point and for temperatures in the liquid phase.

2.10.1 Solid-phase metals

Most of the available data on temperature dependence on absorptivity, obtained
experimentally or theoretically (see fig. 10 for examples of experimental curves of
a heated aluminium sample), may generally be described by a simple linear equation

A(T ) = A0 + A1T. (21)

This relation was inferred by fitting data available in the infrared range with a gen-
eral polynomial. For high-purity metals in spectral ranges where the interband in-
fluence was small, the coefficients of second and higher order terms were negligible
and formula (21) worked well. However for real metal surfaces the fit might be less
obvious because of surface roughness and defects which affect the absorptivity.

Seban [40] applied Roberts’ two-electron intraband approach, Eq. (13), to an ele-
vated temperature (850 ◦C) by making the damping frequency of one electron type
inversely proportional to the electrical conductivity and keeping that of the other
type constant. Reasonable agreement with experimental results was obtained, but
only above the X-point (see fig. 5).

When interband transitions have to be considered the temperature dependence changes.
We have already mentioned the X-point as a unique wavelength for each metal un-
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Figure 10: Temperature dependence of absorptivity for an aluminium sample. Fig-
ure taken from Prokhorov [11]. Curves 1, 2 and 3 corresponds to the same sample
heated subsequently, where A(T0) is seen to decrease with every step due to the
surface cleaning effect.

der which the free-electron Drude model fails. The X-point (or crossover point as
it sometimes called in the literature) was recognized by Price in his experiments
[41] in the 40’s, where he measured absorption for different metals and for different
temperatures and wavelengths. Evidence was found of the existence of a special
wavelength for each metal, where the temperature coefficient of the absorption is
zero and changes sign from negative to positive.

By making the following assumptions to Eq. (13) for higher temperatures

σ1(T ) = σ0(T ) − σ2,

δm(T ) =
σ1(T � 300K)

σ1(T )
δm(T � 300K), (22)

and assuming σ2, λ2 and the quotient σ1/λ1 all are temperature independent, the
X-point behavior was satisfactorily described by Dausinger [24] (see fig. 6).

Interband modelling with the temperature dependence assumptions of Eq. (22) has
also been used for low alloys steels [42] with very good experimental agreement.
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This is also true for Aluminium, where one Drude term and two interband terms
were used [10].

2.10.2 Liquid-phase metal

At the melting temperature, when the metal goes through a solid-liquid phase change,
the number of conduction electrons increases simultaneously with metal density and
DC resistivity. This results in a stepwise increase of absorptivity, the amplification
of which may well be in the order of 150-200 %. The absorptivity then continues
to increase and the same linear or polynomial approximations as in the solid phase
can be used [11] (see fig. 11 for some computed curves).

Figure 11: Some computed curves showing the increase of the intrinsic absorptivity
with temperature of some pure metals before and after melting. Figure taken from
Prokhorov [11].

It should also be mentioned that in several publications [43, 44] there has been evi-
dence of an anomalously high as well as low absorptivity at the melting point. This
cannot be accounted for by the previously reviewed theory. To interpret these ef-
fects other processes involved in intense laser irradiation of metallic surfaces have
to be considered, such as dynamic surface thermal deformations, resonant surface
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periodical structures and heat transfer from plasma to the sample [11].

3 Summary

A thorough knowledge and understanding of the fundamental absorption mecha-
nisms underlying all material processing with lasers is clearly of great significance
for the future development of this technology. In this paper the results of some of
the most important mathematical models explaining the dependence of a metal’s
absorptivity on different laser and material properties such as wavelength, polariza-
tion, angle of incidence, temperature, surface roughness, oxides, defects and impu-
rities have been reviewed.

For the absorptivity dependence on polarization and angle of incidence Fresnel’s
formulas [13] can successfully be employed.

To explain the dependence of light frequency on absorptivity both intraband and
interband transitions must be taken into account. For the intraband contribution,
where absorption takes place due to free electrons in the metal, the theory is well
described by the simple Drude model [17] which regards metals as a classical gas
of electrons executing a diffusive motion. The interband contribution, which is due
to transitions between valence and conduction bands in the metal, is often modelled
using Roberts’ theory [20, 23] and explains the resonant and oscillatory behaviour
of absorptivity in the high frequency range.

Absorptivity as a function of temperature is an important consideration in practice
and is usually modelled successfully as a linear function except around the melting
point of the metal where there is a significant jump due to the sudden change of
conduction electron density.

Many external properties of the material being processed influence the absorptiv-
ity, among which oxide layers and surface roughness are perhaps the most impor-
tant and for which good theoretical models exist. The absorptivity depends on the
roughness geometry and is in most cases enhanced because of multiple reflections
down the surface irregularities. Models exist both for small and large roughness
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parameter regimes [27, 28, 45, 29, 30]. The absorptivity is also enhanced in oxide
layers due to interference effects and depends strongly on oxide layer thickness,
structure and laser wavelength [32, 34]. Other surface properties such as defects
and impurities and bulk properties such as pores, cracks, grooves and flakes that
may lead to local variation of absorption have also been mentioned.

Although a lot of experimental results seem to exist for pure metals at room tem-
perature, more data is needed for model evaluation at elevated temperatures and for
non-smooth, non-clean surface conditions.

As a last remark I would like to point out that this survey has not considered the rel-
atively new ultra-short lasers and their physical effects in metal processing. Ultra-
short laser pulses with their ultra-high intensity levels involves non-equilibrium
physics and therefore the standard values of the metals’ optical properties cannot
be used, since they have been experimentally determined and theoretically calcu-
lated using steady state assumptions [46] 5.

4 Further reading

Many of the models and theories that have been brought forward in this paper have
been presented quite briefly, mostly in terms of the main results. For those of you
who are interested in more detail I refer to the references given at the end of this
paper. I can also recommend a few books that treat this topic more generally.

In the literary material that has been surveyed and presented I found the book ”Laser
Heating of Metals” by Prokhorov et al. [11] the most comprehensive and complete
description of the subject, treating both intrinsic and external material properties.

Another good book of reference for this subject is the Handbook of the EuroLaser
Academy and specifically its first chapter written by Hügel and Dausinger [10]. Al-
though not as comprehensive as it treats mostly intrinsic absorption contributions, it
gives a good historical overview of how the subject has been developed, has useful
references to important advances that have been made and has a nice collection of

5Femtosecond lasers has pulse durations comparable to or shorter than electronic relaxation times.
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illustrative and informative figures.

I’d also like to mention ”Laser-Beam Interactions with Materials - Physical Princi-
ples and Applications” by von Allmen and Blatter [47] as a very good introductory
book.

Another good handbook for experimental material data seems to be that of Palik,
”Handbook of Optical Constants” [14]. An alternative option to this may be the
”CRC Handbook of Chemistry and Physics” by Weast [15].
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Abstract

In Laser Material Processing, an understanding of the fundamental absorption mech-
anisms plays a vital role in determining the optimum processing parameters and
conditions. The absorptance, which characterizes how much a material absorbs,
can alter during a processing application, as a result of melting, boiling, structural
changes of the surface, oxidation, plasma formation, etc. To gain knowledge of
these complex processes, a combination of experimental as well as of theoretical
work is required. In this paper, an overview of the most common experimental
methods and techniques to measure laser absorption in opaque solids, such as met-
als, will be presented.

Keywords: absorptance, reflectance, emittance, calorimetry, integrating sphere, in-
tegrating mirror

1 Introduction

The development of laser material processing requires extensive empirical research
as well as the design of accurate, robust mathematical models. Many of these mod-
els have concentrated on various processing applications, such as cutting [1, 2, 3],
welding [4, 5, 6, 7], drilling [8, 9] and so on. All models of different laser machining
processes involve an understanding and modelling of the fundamental physical and
chemical laser absorption mechanisms, ie. the mechanisms that rule the photon ab-
sorption phenomena. Photon-matter interactions are complex, but it is evident that
the mechanisms determining energy coupling into the workpiece, represent a key
issue for the understanding of laser material processing and for improving the effi-
ciency and reliability of this technology. ”The Investigation of the dynamics of ab-
sorptivity variation during the process of laser irradiation is one topic of paramount
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scientific and practical interest” to cite Prokhorov et. al. [10].
In a previous paper a number of different mathematical models of the various

laser absorption mechanisms present in metals were reviewed [11]. These models
dealt with the dependence of absorption on laser parameters such as wavelength,
polarisation and angle of incidence as well as on material parameters such as com-
position, temperature and various surface properties, eg. roughness and oxide lay-
ers. Mathematical modelling is a powerful tool in the hands of the scientist or the
engineer, making it possible to predict the behaviour of a complex physical system.
But to reach this stage the models have to go from Mathematics into Physics, and
this is only achieved through experimental verification.

2 Basic Theory of Radiative Properties of Solids

In this paper, a brief overview of the various experimental methods available for
the measurement of laser absorption in opaque solids will be presented. Although
special focus will be given to metals, many of the methods will apply to other types
of materials, eg. semiconductors, isolators, polymers, ceramics, composites, wood,
etc., as long as they are non-transmitting. The review is not to be seen as a complete
survey of the whole field and we will specifically exclude measurements concen-
trated on the determination of optical constants (complex refractive indices, com-
plex dielectric functions or complex conductivities), such as the methods of ellip-
sometry, polarimetry and Kramer-Kronig integrating which require pure, flat and
oxide-free surfaces, conditions that are rarely achieved in engineering applications.

Before reviewing the different experimental techniques, we first need some
basic knowledge of the theory of the radiative properties of solids. The reason for
this is two-fold. First of all, it will let us get acquainted with the nomenclature
commonly used in the field and secondly, it will also give us an insight into the
different ways of getting the information that we seek.

2.1 Thermal radiation and Emittance

All materials with a temperature above absolute zero have one property in com-
mon; they all continuously emit radiation by lowering atomic and molecular energy
levels. This is known as thermal radiation. The emitted spectrum at a specific
temperature varies from material to material and the emissive ability of a specific
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material is usually compared to that of a so called blackbody. The blackbody is a
theoretical construct having the properties of absorbing all radiation that strikes it
(only a few real materials approach this limit, examples being carbon black, plat-
inum black, gold black and some specially formulated black paints on absorbing
substrates). By a variation of Kirchhoff’s law from basic thermodynamics, it can be
seen that this same property of being a perfect absorber also implies that it’s a per-
fect emitter, no other material emitting as much radiation at a specific temperature
(see Figure 1).

surface element

isothermal
blackbody

black isothermal
enclosure

vacuum

Figure 1: Consider a blackbody inside a blackbody enclosure, both held at the same
temperature. By definition, all radiation that strikes the blackbody from the surface
element of the enclosure must be absorbed. To maintain thermal equilibrium and
isotropic radiation throughout the enclosure, the radiation emitted back into the
incident direction must equal that received.

The spectral distribution of the blackbody radiation is given by the famous
Plank’s law and the wavelength of maximum intensity is well described by Wien’s
displacement law. These laws tell us that the hotter the material is the shorter the
emitted wavelengths from it. Let us now define a nondimensional property called
the emittance, ε, which is given by

ε =
POWER EMITTED FROM A SURFACE

POWER EMITTED BY A BLACK BODY SURFACE AT THE SAME TEMPERATURE
. (1)
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Thus, emittance is a radiative property that can vary between 0 and 1 and
for a black body we have ε = 1. The emittance of a body can be a function of
temperature, wavelength, direction and various surface properties.

2.2 Reflectance, Absorptance and Transmittance

We now move on by contemplating the situation depicted in Figure 2, where a
laser beam is impinging on a piece of material. We ask ourselves what happens
when light strikes the surface of the material. Well, initially it can only go into two
directions, it can either be reflected away from the front surface or it can penetrate
and start propagating through the interior of the material. As the light propagates
it may be scattered and absorbed and depending on whether the material is a weak
or strong absorber internally and on the material thickness, some of the light may
also make it through to the opposite side and be transmitted (some of the light may
also be reflected from the back surface, but this is not considered in the following
discussion). These are the processes of reflection, absorption and transmission.

incident beam

reflected beam

transmitted beam

absorptionmaterial

air

air

Figure 2: When a laser beam hits a material sample of finite thickness, some of the
light may be reflected, some may be absorbed and the rest may be transmitted.

44



Paper 2: Laser Absorption Measurements in Opaque Solids

Please note here, that it is customary to distinguish between internal (or bulk)
absorption and total absorption, including surface effects. A shiny material such as
a metal is a very strong internal absorber but it also reflects light very well, so that
the total amount absorbed is still quite small. For a material to be a strong total
absorber it thus needs to have low surface reflection and high internal absorption
(examples of that are certain metal powders, like the already mentioned platinum or
gold black).

The quantities that are most often used describing the three processes in Fig-
ure 2 are called reflectance, absorptance and transmittance 1. The definitions of
these quantities are given as simple ratios, as follows. The reflectance, R, is given
by

R =
REFLECTED LASER POWER FROM THE SAMPLE SURFACE

TOTAL LASER POWER INCIDENT ON THE SURFACE
, (2)

while absorptance, A, is

A =
ABSORBED LASER POWER IN THE SAMPLE

TOTAL LASER POWER INCIDENT ON THE SURFACE
(3)

and transmittance, T , is defined by

T =
TRANSMITTED LASER POWER THROUGH THE SAMPLE

TOTAL LASER POWER INCIDENT ON THE SURFACE
. (4)

These quotients give dimensionless numbers that all have values between 0
and 1 and are often given as percentages. Since these are the only processes avail-
able, the following relationship, which is simply a conservation of energy statement,
must always be fulfilled

R + A + T = 1. (5)

2.3 Opaque solids

At this point, we pause to make an important distinction, that between materials
that do not transmit any radiation (T = 0) and materials that do (T 
= 0). These
are termed opaque and semi-transparent, respectively. In this paper we will limit

1Also known in literature with an -ivity ending. NIST has recommended the use of the ending
-ivity for optical properties describing pure and smooth surfaces and the ending -ance for rough and
contaminated surfaces (ie. real surfaces).
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ourselves to opaque materials, and hardly speak of transmittance again. As already
mentioned, whether a material transmits radiation or not, depends on both the ma-
terial type and the material thickness at the wavelength used. Metals are opaque at
visible and IR wavelengths, unless we are dealing with extremely thin films. This
is because metals are characterized by their large concentrations of free electrons,
which is the property that gives them their highly reflective nature and shiny appear-
ance. Metals have typical skin depths (defined as the depth from the surface where
the intensity has exponentially decreased to 1/e2 ≈ 0.13 of its original value) of
only a few nanometers at visible wavelengths (ie. a few atomic diameters). This is
also the case for most non-metals where absorption usually takes place within a few
microns [14], although obvious exceptions exist like quartz and glass.

2.4 Spectral vs. total properties

The definitions of the optical properties of emittance, reflectance and absorptance
in equations (1), (2) and (3) were seen to be simple enough. However, because
of the spectral and directional dependencies of these quantities, it is customary to
refine the definitions somewhat. The first distinction is that between spectral and
total values, where spectral refers to the value at a specific wavelength and where
total is the averaged, integrated value over all wavelengths. In notation we usually
indicate a spectral property by adding a λ subscript to the quantity, as in Eλ, and a
total property by adding a tot subscript, as in Atot. The spectral and total values are
then simply related according to

Atot =

∫
∞

0

Aλ(λ)dλ, (6)

where absorptance was used as an example.
In this paper we are interested in experiments using a laser as the light source.

The laser is a light producing tool with the special properties of high spectral purity
and directionality. For this reason the following discussion will only involve spectral
values of emittance, absorptance and reflectance.

2.5 Directional vs. hemispherical properties

The directional dependence of the values in equations (1), (2) and (3) forces us to
separate them into directional and hemispherical values (see figures 3 and 4), where
directional means the value to and/or from a specific direction and hemispherical
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Φ
I

R

θ
i

Z

X dA

Figure 3: A pictorial description of a directional radiative property, in this case the
directional absorptance where a light beam strikes an elemental surface area under
a unit solid angle centered around angles θi and φi.

means the integrated value over all directions (incoming or outgoing). We denote
directional values by adding a prime superscript, as in A

′

λ, and a hemispherical by

adding a half circle, as in A

�

tot. The hemispherical and directional absorptances are
then related through an integration

A

�

λ =

∫

�

A
′

λ(θi, φi) cos(θi)dΩi, (7)

where dΩi is an elemental solid angle around the angle of incidence Δ(θi, φi).
For reflectance this is slightly more complicated since reflectance depends on

two directions, both the incoming and outgoing ones. Most information is contained
in the so called spectral, bidirectional reflectance function, denoted R

′′

λ (also known
in literature as the bidirectional reflectance distribution function, BRDF). This is a
function of wavelength as well as of angles of incidence and reflection (see Fig-
ure 5). By averaging over wavelengths and/or directions one can then define total
values as well as directional-hemispherical, hemispherical-directional and bihemi-
spherical values (see Table 1). The spectral directional-hemispherical reflectance is,

for example, denoted R
′

�

λ and is defined in terms of R
′′

λ as
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dA

Figure 4: A pictorial description of a hemispherical radiative property, in this case
the hemispherical emittance which is emitted into all directions of the hemisphere.

R
′

�
λ (θi, φi) =

∫
R

′′

λ(θi, φi, θr, φr) cos(θr)dΩr, (8)

where dΩr is an elemental solid angle around the angle of reflected radiation

Δ(θr, φr). A similar procedure is of course possible for R

�

′

λ , but with an integration
over angles of incidence instead.

In fact, according to Helmholtz Reciprocity Principle,

R
′′

λ(θi, φi, θr, φr) = R
′′

λ(θr, φr, θi, φi), (9)

from which we can see that

R
′

�

λ = R

�

′

λ , (10)

which means that R
′

�

λ , R

�

′

λ and R
′′

λ are not totally independent quantities.
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θi

Z

x dA

φi

θr

φr

Figure 5: A pictorial description of the bidirectional reflectance, depending on both
incoming and outgoing (reflecting) directions.

2.6 Specular and diffuse reflection

A B

Figure 6: A) Specular reflection. B) Dif-
fuse reflection.

The reason why we needed to define
these different directional definitions is
because, although we might have a very
well defined incoming direction from a
laser source, the outgoing, reflected di-
rection doesn’t need to be. If the sur-
face is perfectly smooth the incoming
parallel rays of the laser beam are all re-
flected in the same direction, as in Fig-
ure 6A. This is known as specular reflection. However, if the surface is non-smooth
and irregular, the incoming parallel rays will be reflected in a number of different
directions, which is seen in Figure 6B. This is termed diffuse reflection. Observe
that Snell’s law of reflection (angle of incidence = angle of reflection) still holds for
each ray in both cases. But since a laser beam hits a spot of perhaps small but finite
area, the reflected radiation will be spread over a range of different directions.

Whether a surface is to be considered smooth or rough in a given situation
is not only a question of surface topology but is also dependent on the wavelength
of the incoming light as well as on the angle of incidence. The Rayleigh criterion,
which is one of the simpler criterions for surface roughness, states that a surface
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can be treated as smooth (specular) only under two conditions [19], either when
h/λ → 0 or when θ → π/2, where h is the height of the irregularities, λ is the
wavelength and θ is the angle of incidence. Absolutely perfectly smooth surfaces
do not exist, not even in the case of high precision optical mirrors, so all attempts at
measuring the total reflectance will necessarily also include a diffuse part, to lesser
or greater extent.

2.7 Measurement options

The quantity that is the main focus of this paper is the spectral, directional absorp-
tance, denoted A

′

λ. This is the quantity that measures a solid’s ability to absorb an
incoming laser beam of a specific wavelength and from a specific direction. But as
we will see, A

′

λ can also be measured by a couple of indirect methods.
The first indirect method is evident by considering Kirchhoff’s law. Kirch-

hoff’s law is a law relating the emitting and absorbing abilities of a body. Take
another look at Figure 1. To maintain an energy balance (thermal equilibrium) be-
tween the element of the blackbody in the centre and the surface element of the
black enclosure, the absorbed and emitted energies of both elements must be equal.
Hence, Kirchhoff’s law states that

ε
′

λ = A
′

λ, (11)

from which we can see that as an alternative to measuring the spectral direc-
tional absorptance we can measure the spectral directional emittance.

Equ.(11), only holds strictly true for each component of polarization of the
light, separately [12]. For equ.(11) to be valid for all incident energy the incident
radiation must have equal components of polarization. Furthermore, Kirchhoff’s
law was proven for thermodynamic equilibrium in an isothermal enclosure and is
therefore strictly true only when there is no net heat transfer to or from the sur-
face. In actual applications this may not be the case and equ.(11) must therefore be
seen as an approximation. There is much experimental evidence of the validity of
this approximation, though, showing that in most applications materials are able to
maintain themselves in local thermodynamic equilibrium in which the populations
of energy states that take part in the absorption and emission processes are given, to
a very close approximation, by their equilibrium distributions [12]. Thus, materials
usually do not depend on the surrounding radiation field.
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The other way to collect information about A
′

λ is seen by considering equ.(5),
which states that the sum of reflectance, absorptance and transmittance must be
unity. This means that we can derive the absorptance (A) if we have measured val-
ues for R and T . For opaque materials, for which T = 0, it suffices to measure the
reflectance only. To determine the directional absorptance A

′

λ, either the full bidi-
rectional, the directional-hemispherical or the hemispherical-directional reflectance
must be known.

After this brief tour of some theory of the radiative properties of matter we
move on to the next section, which is intended to give a short description of the
various experimental means we have at our disposal for measuring these properties.

3 Experimental methods for measuring laser absorptance

The experimental methods for measuring laser absorptance can be divided into two
main groups, calorimetric methods that measure the absorptance (A) directly and
radiometric methods that measure absorptance indirectly via other radiative proper-
ties, eg. reflectance (R) and emittance (ε).

3.1 Laser Calorimetry

Laser calorimetry represents the only direct way of measuring laser absorptance,
without going via other radiative properties such as emittance or reflectance. It’s
not a direct measurement in the sense that we actually measure the absorbed pho-
tons in the material from the laser (an impossibility of course). But all the absorbed
radiation eventually heats the material and laser calorimetry is a method that regis-
ters the temperature signal that a material produces after it has been illuminated by
a laser beam. The strong advantage of laser calorimetry lies in its simplicity, which
is one of the reasons why it has been selected as the standard method for measure-
ment of laser absorption in optical laser components (ISO 11551) [15]. It requires
relatively cheap equipment and calibration is easy.

Look at Figure 7 for a typical experimental setup. A laser beam is produced
and focused down on a sample, which usually sits in a stabilization chamber for
thermal protection and which, initially, is in thermal equilibrium with its surround-
ings. After a sufficient amount of time for the temperature of the sample to be
raised above ambient the laser is switched off and the sample is left to cool down to
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Figure 7: A typical laser calorimetric setup.

ambient temperature again. The temperature of the sample is registrered via thermo-
couples (or possibly a pyrometer), while the energy of the laser pulse is measured
by reflecting off a small known part via a beam-splitter to a laser power meter.

3.1.1 Theoretical Model

For most applications the temperature model underlying the evaluation of the mea-
sured data is based on three important assumptions [16]:

1. A homogeneous temperature of the sample, ie. the sample shows infinite
thermal conductivity (which implies that metals probably are more suitable
for this model than most other materials.)

2. A linear approximation of thermal losses, which can be justified if the tem-
perature rise of the sample is small compared to ambient temperature, ie. if
T (t) − T0 � T0, where T (t) is the sample temperature and T0 is the ambient
temperature.

3. Sample is at thermal equilibrium with its surroundings prior to measurement,
ie. T (t < t0) = T0 where t0 marks the beginning of the measurement.
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From the first of the assumptions (homogeneous temperature) and simple ther-
modynamics we can derive the following equation, describing the sample tempera-
ture change rate:

dT

dt
=

1

C
(
dQa

dt
− dQe

dt
), (12)

where C is the sample heat capacity, dQa/dt is the power absorbed and
dQe/dt is the power lost by emission.

The power absorbed is the power incident from the laser, P (t), multiplied by
the spectral, directional absorptance, ie.

dQa

dt
= A

′

λP (t). (13)

Generally for the second term on the right hand side of equ.(12), we can write

dQe

dt
= SH(T − T0), (14)

where S is the total surface area of the sample and H(T −T0) is the total heat
conductance between the sample and its surroundings, originating from conduction,
convection and radiation. If the temperature difference between the sample and its
surroundings is small, as we assumed above, we can use a linear approximation and
write

dQe

dt
= Sh(T − T0), (15)

where h is the surface heat loss coefficient ([ W
Kcm2 ]).

Expressions (13) and (15) inserted into equ.(12) then lead to the first order
linear differential equation

dT

dt
=

A
′

λP (t)

C
− γ(T − T0), (16)

where γ = Sh
C

and is known as the temperature-loss coefficient ([1
s
]).

If we assume the laser power to be constant during irradiation (where t1 marks
the beginning and t2 the end of laser illumination), ie. P (t1 < t < t2) = P0, then
equ.(16) is an autonomous equation and the solution is easily seen to be
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T (t) − T0 =

⎧⎪⎪⎨
⎪⎪⎩

0 t ≤ t1
A

′

λ
P0

γC
(1 − e−γ(t−t1)) t1 < t < t2

A
′

λ
P0

γC
(e−γ(t−t2) − e−γ(t−t1)) t > t2

(17)

By knowing the mass and the specific heat of the sample, one can then deduce
the absorptance by correct interpretation of the temperature data.

3.1.2 Evaluation Methods

A number of different ways of evaluating the data have been identified (often a
combination of more than one are useful for increasing accuracy). Willamowski
et al. describes five of them; the gradient method, the pulse method, the exponen-
tial method, the integral method and the response method [17], of which we will
concentrate on the first three.

The gradient method allows one to calculate the absorptance by graphically
determine two gradients of the heating and cooling curve, one during irradiation and
one after, but both at the same temperature (see Figure 8). According to equ.(16)
we have

A
′

λP0

C
= Ṫ (th) + γ(T (th) − T0) = Ṫ (th) + γ(T (tc) − T0) =

= Ṫ (th) − Ṫ (tc), (18)

where t1 < th < t2 and tc > t2 and from which we can see that the absorp-
tance can be determined by a simple summation of the two gradients.

In the pulse method the cooling curve is extrapolated (see figure 9) to a time
t = t1 + tp/2 in the middle of the irradiation interval (tp = t2 − t1 is the duration
of the laser irradiation) and the extrapolated temperature Textr is interpreted as the
temperature rise due to an instantaneous energy input Epulse = P0tp:

Textr − T0 =
A

′

λP0

γmcp

(1 − e−γtp)eγ
tp

2 ≈ A
′

λEpulse

mcp

(1 +
(γtp)

2

24
). (19)

We see from equ.(19) that if (γtp)
2 � 1, ie. for small thermal losses or for

short irradiation times (hence the name ”pulse” method), the absorptance can be
calculated directly from the extrapolated temperature.
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T

tth tc

P

tt1 t2

Figure 8: In the gradient evaluation method two gradients are determined (see up-
per graph), one during irradiation/heating (at time th) and one later when the sam-
ple is cooling down (at time tc), but both at the same temperature. In the lower
graph the laser pulse is depicted, where t1 and t2 mark the beginning and end of
laser irradiation.

The third and most general evaluation method is the exponential method
which is performed by fitting two exponential functions of the types in equations
(17), one for the heating curve (Ah −Bhe

−cht) and one for the cooling curve (Ac −
Bce

cct) [17]. The fitting parameters can then be used in (17) to calculate both the
absorptance A

′

λ and the thermal loss γ.
All these evaluation methods are based on the temperature model of equations

(16) which was derived using the approximations listed in the beginning of 3.1.1.
Deviations from these approximations can introduce severe errors in some cases and
therefore a number of different sources of these deviations and what can be done
about them will now be described.

3.1.3 Errors in laser calorimetric measurements

Willamowski et al. mentions three sources for signal distorsions in laser calorimet-
ric measurements: temperature drift, influence of finite thermal conductivity and
effects of scatter irradiation.
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Figure 9: In the pulse evaluation method, the cooling curve is extrapolated to a time
in the middle of the laser irradiation interval and it is seen, through equ.(19), that if
the thermal loss is small or the laser irradiation interval short then the absorptance
A

′

λ of the sample can be derived from the extrapolated temperature Textr.

Fluctuations of the ambient temperature can be reduced by thermally shield-
ing the sample from the environment, ie. to enclose and isolate it in a chamber. If
temperature drift is still present, especially if the drift is non-linear, it is a good idea
to delay the measurement since thermal equilibrium might not have been reached
yet. If this doesn’t help the situation a constant or linear drift can usually be com-
pensated for in the equations (16) via a term T0(t) = T0(t0) + ζ(t − t0) (see [16]
for more information and the solution).

Real samples usually show a finite thermal conductivity, contrary to the as-
sumption used in the temperature model discussed in this paper. Bernal [18] con-
siders the case of thin cylindrical samples which renders this solution,

ν(ρ, t) =
A

′

λ

C

⎧⎪⎨
⎪⎩

0 t ≤ t1∑
i

gi(ρ)
γi

(1 − e−γi(t−t1)) t1 < t < t2∑
i

gi(ρ)
γi

(1 − e−γitp)e−γi(t−t2) t > t2

(20)

where ν(ρ, t) = T (ρ, t)−T0. For the homogeneous temperature model g0 = 1
and gi>0 = 0, but in this case the higher order terms are non-zero and can be cal-
culated from the laser beam profile and the physical properties of the sample. γ0
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corresponds to the thermal loss coefficient γ used in Eq. (16) while the values γi>0

are typically orders of magnitude higher and usually lead to a delay of the tem-
perature rise as compared to the simple homogeneous model. For more complete
derivations, see [18] or [16]. Willamowski et al. [17] also speaks of the possibility
of replacing C with an effective heat capacity Ceff to take the higher order terms
into consideration. Ceff can be determined by calibration and can, in practice, be
described by a term such as Ceff = C0 + fC, where f is a number close to 1 and
C0 represents the sample holder’s contribution to the heat capacity.

A finite thermal conductivity usually results in an inhomogeneous temper-
ature profile of the sample surface, making it very important to choose the right
position on the sample for reading the temperature signal. For sensitive measure-
ments Willamowski et al. suggests a preferable position at an adapted location on
the sample where the influence of thermal conductivity is small and nearly negli-
gible. [16] mentions a position 7mm from the sample and laser beam center of a
25mm diameter thin cylindrical sample.

Scatter irradiation can also be a nuisance in laser calorimetric measurements.
The two main sources are scattering from the incoming laser beam and from the
sample surface. Scattering from the laser beam can be minimized by careful align-
ment of the sample with respect to the beam and by using apertures. Scattering
from the sample surface is more difficult to find a remedy for but it is possible to
detect errors from it by analyzing the temperature data ([17] gives good graphical
examples of different signal distorsions and their causes).

Finally, the temperature models described above require knowledge of the
specific heat capacity of the sample, c. If absorptance is to be measured for elevated
temperatures it also requires information of c(T ). This information may not always
be available. It can also be noted that if the temperature dependence of A

′

λ is re-
quired, both the sample and ambient temperature must be elevated (see the second
assumption in 3.1.1), thus requiring the use of a furnace.

3.2 Reflectometry

As mentioned earlier, for opaque materials reflectance provides us with indirect
means to calculate the absorptance through equ.(5). Radiometric methods are em-

ployed to measure either the bidirectional (R
′′

λ), the directional-hemispherical (R
′

�

λ )

or the hemispherical-directional reflectance (R

�

′

λ ). Most information is of course
gained through knowledge of the bidirectional values, but this is also the most diffi-
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cult reflectance function to measure.
Reflectometry can be absolute or relative to a reference standard. Absolute

measurements are obtained with an optical system to directly measure the inten-
sities of the beams incident on and reflected from the sample. The reflectance is
then obtained from the ratio of the two measurements. In relative measurements
the beam reflected by the sample is compared with a known standard, a procedure
which requires simpler optics, but which may lead to a reduction of accuracy if the
standard is of bad quality and is not handled with great care (standards may undergo
degradation due to age and handling).

3.2.1 Bidirectional reflectometers

The bidirectional reflectance can be measured by irradiating the sample with a col-
limated beam and then collecting the reflected radiation over a various number of
small solid angles. Of course, for this kind of measurement to be practical for ab-
sorptance (or emittance) determination, we need to know the full distribution of
the reflectance over the entire hemisphere above the surface for both incidence and
reflection angles.

Modern instruments used for BRDF evaluation are known as gonioreflec-
tometers and have a long history of development. Early reflectometer design, eg.
Birkebak and Eckert [20] and Torrance and Sparrow [21], used a multi-frequency
light source, such as a globar, and a monochromator and various apertures to achieve
a collimated monochromatic light beam. These devices often shared the main prob-
lem of producing too low a level of reflected radiation for detection, even with the
advent of FTIR spectrometers and highly sensitive detectors. This problem was
much helped with the introduction of lasers as sources, eg. as in the early work of
Hsia and Richmond [22].

Take a look at figure 10 for a typical experimental setup, where a beam-splitter
is used to send a small fraction of the laser beam into a power meter. The sample is
placed in a holder on a turntable, which allows rotation of both the sample around
three mutually perpendicular axis as well as rotation of the detector which is placed
on an arm extending from the sample and holder positions [22]. Modern designs
use rotating arms for both source and detector as in the work of White et al. [23],
which could work in laser applications if a fiber-coupled laser source is used.

To achieve the angular resolution necessary for integration in absorptance
measurements a number of requirements are put on the experimental equipment.
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Laser

Power meter

Turn table

Detector

Sample

Figure 10: A typical experimental setup for a bidirectional laser reflectometer work-
ing in absolute mode.

First, the alignment of laser, sample and detector must be precise. A knowledge
of the angles of incidence and reflection must be known to better than at least 1◦

(White et al. accomplished an angular resolution of 0.3◦ [23]). The solid angle of
the collector (detector) must be small, at least on the order of one degree square.
Baffles and apertures in front of the detector can be used for this as well as for
blocking scattered radiation from reaching the detector.

A high angular resolution means a lot of data. BRDF evaluation for points
1◦ apart over the entire hemisphere involves 400 million data points, so it is highly
desirable to have the measurement process automated by the use of stepping motors
[22] controlled by a personal computer.

Gonioreflectometers are available commercially but are still under develop-
ment.
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3.2.2 Directional-hemispherical and hemispherical-directional reflectometers

Reflectometers used for measuring the directional-hemispherical and hemispherical-
directional reflectances are usually divided into three categories:

• Heated cavity reflectometers

• Integrating sphere reflectometers

• Integrating mirror reflectometers

Water-cooled
sample holder

Cooling
coils

Insulation

Resistance
heatersExit port

Nickel cavity

Sample

Figure 11: A typical experimental setup
for a heated cavity reflectometer.

Heated cavity reflectometers
are used to measure hemispherical-
directional reflectances. They are also
known as Gier-Dunkle reflectometers
to honor their inventors in 1954 [24].
Heated cavity reflectometers generally
consist of a uniformly heated hohlraum
(enclosure) with two openings. In
one opening the water-cooled sample is
placed and in the other one a viewport
is fitted, as in figure 11.

The radiation striking the sam-
ple from the isothermal hohlraum is as-
sumed to be essentially that of a black-
body of the cavity-wall temperature,
Tw. The radiation from the hohlraum
is therefore isotropic and the sample
is uniformly illuminated over its en-
tire surface. Images of the sample
and a spot on the cavity wall are alter-
nately focused onto the entrance slit of
a monochromator. The signal from the sample, Is, consists both of emission from
the sample (at the sample temperature Ts) and reflection of the cavity-wall’s black-
body intensity, Ibλ(Tw). Since the signal from the cavity wall, Iw, is proportional to
Ibλ(Tw), the ratio of the two signals is [14]

Is

Iw

=
R

�

′

λ Ibλ(Tw) + ε′λIbλ(Ts)

Ibλ(Tw)
. (21)
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If the sample is relatively cold, ie. Ts � Tw, emission can be neglected and

the reflectometer simply measures the hemispherical-directional reflectance R

�

′

λ .

For higher sample temperatures, we can use R

�

′

λ = R′

�

λ = 1−A′

λ, and write

Is

Iw

= 1 − A′

λ

[
1 − Ibλ(Ts)

Ibλ(Tw)

]
, (22)

but errors increase severely with the sample temperature and the method is
generally only used for low sample temperatures.

The method is extremely sensitive to any deviations from a true black body
cavity. The greatest sources of error come from non-uniform temperature and a
non-homogeneous field of view. Although attempts have been made to improve the
design (eg. Hembach et al. [25]), it is a method which is hardly used today in re-
flectance measurements and not many papers have been written on the matter since
the 60’s.

Integrating sphere reflectometers are the most commonly employed devices
for reflectance measurements and are commercially available in a number of differ-
ent forms. Integrating spheres can be thought of as light collecting devices and may
also be used for lamp flux measurements, LED measurements, laser power mea-
surements and various other radiance and irradiance applications. In reflectance ap-
plications, they either measure the directional-hemispherical or the hemispherical-
directional reflectance, depending on whether they work in the direct or indirect
(reciprocal) mode (see figure 12).

The basis for the function of the integrating sphere is the highly reflective
lambertian properties of the coating of the inside of the sphere. A lambertian sur-
face is an ideal surface which reflects radiation equally well from and in all direc-
tions. Examples of coating materials used for integrating spheres are smoked mag-
nesium oxide and barium sulfate for visible and near-infrared wavelength regions
and roughened gold for the far-infrared wavelength region.

The integrating sphere is perforated with openings or ports on the perimeter
of the sphere, where detectors, samples and light sources can be fitted.

In the direct mode, light enters through an entrance port, strikes and reflects
off the sample and will then, due to the strong, diffuse reflectance character of
the coating and the sphere geometry, undergo multiple reflections and be scattered
uniformly around the interior of the sphere. This uniform diffuse light can then be
detected at a port configured with a detector device. Let us denote this signal as

61



Paper 2: Laser Absorption Measurements in Opaque Solids

Sample

Reference

Detector

Monochromatic
beam

Mirror

Mirror

Lamp

Screen

Sample To
detector

Rotatable
sample holder

A B

Figure 12: Typical integrating spheres, working in direct mode (A) and in indirect
(reciprocal) mode (B).

Ss. Similar readings are also taken on a comparison standard reference of known
reflectance Rr, under the same conditions (see figure 12A). Let us denote the signal
from the reference Sr. The sample may either be replaced by the standard in the
same port, which is called the substitution method or a single beam sphere, or there
may be separate sample and standard holders, which are alternately irradiated by
the light source, which is called the comparison method or a double beam sphere
(as in figure 12A)).

Ideally, the ratio of the two measured signals will then be

Ss

Sr

=
Rs

Rr

, (23)

where Rs is the sample reflectance.
In the substitution method however, the average reflectance of the sphere

changes when the sample is substituted for the reference material. This changes
the overall throughput of the system, which is defined as the flux reaching the de-
tector. The true measurement in a single beam sphere is

Ss

Sr

=
Rs

Rr

1 − Rr

1 − Rs

, (24)

where Rr and Rs is the average wall reflectance with reference and sample
fitted in the sample holder, respectively.
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The average reflectance with the sample material in place, Rs, cannot easily
be determined since it also depends on Rs.

In a double beam sphere, the sample and reference beams are present in the
sphere at essentially the same time. In this case, sample and reference beams each
”see” the same sphere and there is no substitution error.

In the indirect mode, light from the source does not illuminate the material
directly, but only after multiple diffuse scatterings inside the sphere, as in figure
12B. The radiance scattered into a specific direction by the sample is then viewed
directly by a detector of small angular aperture [26].

Integrating spheres with center mounted and rotatable sample holders ex-
ist, allowing for determination of the reflectance as a function of incidence angle
and also the possibility of simultaneous measurement of transmittance (sometimes
called ”transflectance”).

Until quite recently, reflectance measurements using integrating spheres have
been limited to moderate temperature levels, due to the temperature sensitivity of
the coating materials used. However Zhang and Modest was able to rapidly heat
up only the sample by using a two laser configuration, where one laser is used as
a heating source and the other one as the probe [27]. Sample temperatures up to
3000 ◦C were reported for reflectance measurements of various ceramic materials.

Errors in integrating sphere measurements are caused mainly by coating im-
perfections, port losses, problems associated with baffles, detector field of view
(FOV) and the so called substitution error involved in single beam spheres.

Imperfections of the sphere coating, causing deviations from the ideal lam-
bertian surface, creates imperfect diffuse reflections inside the sphere. These errors
have also been found, through Monte-Carlo calculations, to be a strong function of
wall reflectance [28]. It is minimized for reflectances approaching 1.0 and increases
as the reflectance value decreases, but are relatively independent of the detector’s
field of view. Selection of a good coating material is therefore essential.

Ideally an integrating sphere would have no openings or ports. As this is
a physical impossibility (we need at least an entrance port, a sample port and a
detector port), errors are introduced by diffuse and specular light escaping out of
the sphere through these ports. The best way to reduce these errors is to minimize
both the number and the size of the ports. A common recommendation is to let the
ports constitute no more than 5 % of the total sphere surface area.
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Figure 13: Direct irradiation of re-
flections from the sample surface
would give erroneous results. Baffles
are used to limit the detector’s field of
view.

In using integrating spheres, it is im-
portant that the light reaching the detec-
tor does not include direct irradiation from
the light source or direct reflections from
the sample surface, which would give er-
roneous results. In spheres working in the
comparison mode it is also necessary to
shield the sample and reference from each
other, so that no direct interchanging radia-
tion is possible. This is usually a question
of port geometry as well as the introduction
of baffles to the inside of the sphere. Baffles
(see figure 13) limit the detector FOV but at
the same time introduce deviations from the
ideal sphere, thus both reducing and adding
new errors to the measurements.

Detector FOV is a tricky problem, be-
cause besides the necessity of shielding it from the light source and sample surface,
the FOV needs to be as large as possible to see as much of the sphere as possi-
ble which usually leads to a compromise when using baffles. There is usually also
the problem with many detectors that as their FOV is increased, their detectivity is
decreased. This makes them less sensitive and thus lowers the sphere throughput,
which is the flux reaching the detector. There is also the fact that no detectors show
a perfect isotropic response to radiation incoming over a large off-normal incidence
angle range.

A promising solution to problems associated with detector FOV, which still
seem relatively new and not so widely used, are non-imaging concentrators. For in-
tegrating spheres, compound elliptic concentrators (CEC) and compound parabolic
concentrators (CPC) (see figures 14 and 15) can be used for a number of advan-
tegous reasons [29]: 1) detector FOV can be varied with no loss in throughput, 2)
detector FOV can be sharply defined and 3) losses between detector and sphere can
be minimized by proper coupling between concentrator and sphere.

The substitution error in single beam spheres is a systematic, predictable and
non-random error which can be corrected to a great extent by using a proper center
mount sample holder design [30] and by using reflectance standard references with
reflectance values close to the sample reflectance. Limiting the sample size and/or
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increasing the sphere size is also a good way of reducing the error [31].

20º 40º

60º 80º

<30º

Detector

CPC

Figure 14: The working princi-
ple of a CPC/detector combina-
tion. The ray traces show that
CPCs limit the incidence angle
on the detector to less than 30 ◦

for various angles (20 ◦ − 80 ◦)
incident on the CPC opening,
thus increasing the angular re-
sponse of the detector.

Baffle

Sample

Detector

Entrance
port

FOV

CEC

Figure 15: Integrating sphere geometry
which eliminates detector FOV related er-
rors. The CEC views exactly one-half of
the sphere, for samples having a BRDF
with mirror symmetry around the plane of
incidence, equal amounts of radiation are
reflected in and out of detector/CEC FOV.

Integrating mirror reflectometers share some similar design concepts to
integrating spheres, also functioning as light collecting devices. But as opposed to
integrating spheres they are designed to gather all radiation from a scattering sample
with a minumum number of reflections on a high reflectance surface (usually copper
or aluminum) and directing it onto the detector. The main advantage of mirror
reflectometers are therefore that the throughput can be orders of magnitude higher.
On the other hand, the influence of misalignment errors is much worse, requiring
large detector areas. Three different types of integrating mirror designs have been
developed: hemispherical [32], paraboloidal [33] and ellipsoidal [34, 35, 36, 37](see
figures 16 and 17).
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Heater
beam

Probe
beam

SampleDetector

Figure 16: Ellipsoidal integrating mir-
ror using a two laser configuration for
temperature-dependent reflectance mea-
surements. A laser at one wavelength is
used for heating and another laser at a
second, different wavelength is used for
probing.

The operating principles of the
three mirror designs are the same. Each
design has two conjugate focal points,
which means that if a point source of
light is placed in one focal point, all
radiation will, after reflection off the
mirror, be focused and concentrated to
the second focal point. Thus in the
integrating mirror reflectometer tech-
nique, an external laser beam enters
through an entrance port in the mirror
and is focused onto the sample, which
is placed at one of the focal points.
The reflected radiation, regardless of di-
rection, will then be reflected by the
mirror and be collected at the second
focal point, where the detector is lo-
cated. This yields, after comparison
with a reference signal, the directional-

hemispherical reflectance R′

�

λ . Alter-
nately, the integrating mirror can work
in a reciprocal mode, where a blackbody source is placed at one of the focal points
and where the emitted radiation leaving the blackbody, which will have equal in-
tensity in all directions, will reflect off the mirror and be focused on the sample at
the other focal point. Radiation reflected off the sample can then be probed through
a small aperture in the mirror and spectrally resolved, by a monochromator or an

FTIR spectrometer, yielding the hemispherical-directional reflectance R

�

′

λ instead.
Because of mirror limitations measurements have generally been limited to

relatively large wavelengths, λ > 2.5μm.
Reflectance measurements for samples heated up to temperatures of 1000 ◦C

have been reported by Battuello and co-workers [37] and Freeman et al. [38] us-
ing a two laser configuration, one heating laser and one probing laser (see figure
16). Even higher temperatures, over 2000 ◦C, were attainable using oxy/acetylene
torches as heating sources, which was reported by Markham and co-workers [39].

For integrating mirror reflectometers the main sources of error come from ab-
sorption by the mirror, radiation losses through entrance and viewing slots, nonuni-
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Figure 17: Different designs for integrating mirror reflectometers, using A) a hemi-
spherical and B) a parabolic mirror.

form angular response of detectors and mirror aberrations leading to detector over-
filling (ie. radiation missing the detector).

To minimize aberrations, ellipsoids are generally preferred over hemispheres
and large detector areas are wanted. As for integrating spheres, non-imaging con-
centrators (CPC and CEC) have been successfully utilized for improving the angular
response and FOV of the detectors [40].

Because of wavelength limitations and sensitivity to flux losses and misalign-
ment errors, integrating mirrors are somewhat less popular than integrating spheres
for reflectance measurements [14].

3.3 Emittance radiometry

Spectral directional emittances are most commonly determined by comparing the
emission from a sample with the emission from a blackbody at the same wavelength
with both bodies held at the same temperature [14]. The same detector should be
used in the two measurements as well as an identical or equivalent optical path.
Under these conditions, the two signals will both be proportional to the emitted
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intensity (with the same proportionality constant) and the spectral directional emit-
tance can be found as their ratio

ε′λ(T, λ, θ, ψ) =
Ssλ(T, λ, θ, ψ)

Sbλ(T, λ)
, (25)

where Ssλ and Sbλ are the signals from sample and blackbody, respectively.
The blackbody may either be a separate blackbody held at the same tempera-

ture as the sample or it may be an integral part of the sample or the sample chamber.
The main problems involved in these kinds of measurements are to ensure equality
of sample emitting surface and blackbody temperatures and the uniformity of the
temperature over all the active area of the sample surface [13]. Great care must be
taken in the design of the heating system of the sample, the thermocouples imple-
mentation, calibration and of the temperature control system. The integral version
is therefore generally preferred at high temperatures, where temperature control is
difficult or at short wavelengths where small temperature deviations can cause large
errors.

In the separate reference blackbody method the blackbody is kept separate
from the sample chamber, while both are heated to the same temperature. To mea-
sure the emission from the blackbody and the sample via an identical path, either
two identical paths have to be constructed or sample and blackbody must be alter-
nately placed into a single optical path (see figure 18 for a possible experimental
setup).

In the integrated reference blackbody method, the blackbody is incorpo-
rated into the design of the sample furnace. If the sample rests at the bottom of a
deep cylindrical and isothermal cavity, the radiation leaving the sample (by emis-
sion and reflection) corresponds to that of a black body surface. If the hot side wall
is removed or replaced by a cold one, radiation leaving the sample is due to emis-
sion only. The ratio of these two signals will then determine the spectral, directional
emittance through equation (25).

Two different methods of removing the reflection component of the signal
have been identified. Several researchers [41, 42, 43] have used a tubular furnace
with the sample mounted on a movable rod. When the sample is deep inside the
cavity the signal corresponds to a blackbody. The sample is then rapidly moved to
the exit of the furnace and the signal is then due to emission only. Some disadvan-
tages of this approach can be the difficulties in maintaining isothermal conditions of
the whole tube, maintaining sample temperature during and after displacement and
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Figure 18: An emissometer set-up for direct measurement of spectral directional
emittance, taken from Sacadura et al. The sample and blackbody are kept separate
but emissions from them are combined into the same beam by means of a semi-
transparent germanium plate. The two signals are separated by chopping them at
two slightly differing frequencies.

avoiding stress on the high-temperature sample during the rapid movement [14].
The second approach, which was used by Postlewaith et al. (see figure 19)

is to replace the hot cavity with a cold one. This can be done by dropping a cold
tube into the blackbody cavity. Measurements must be taken quite rapidly (in a few
seconds time), before the cold tube starts heating up and the sample starts cooling
down.

Sources of errors in emittance measurements are sample and blackbody tem-
perature errors, interreflections between the sample and its enclosure and stray ra-
diation. As with laser calorimetry, emittance spectroscopy requires a homogeneous
sample temperature. The method is therefore best suited for materials that have
a high thermal conductivity. There is also the problem of not obtaining a large
enough flux, usually limiting emittance measurements to temperatures T > 500 ◦C
and wavelengths λ > 2μm [13]. Emittance measurements also lack the possibility
of acquiring intensity and polarisation dependent information, the latter constraint
because all emission due to thermal radiation is unpolarized.
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Figure 19: Schematic of a drop-tube emissometer.
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4 Summary

As we have seen, a number of different methods exist for the measurement of laser
absorptance. Laser calorimetry represents the only ”direct” way of determining
A

′

λ. The indirect means were seen to be reflectometry and emittance spectroscopy.
Reflectometry included gonioreflectometers for BRDF measurement (R

′′

λ), heated

cavity reflectometers for obtaining R

�

′

λ and integrating spheres and mirrors for de-

termination of both R

�

′

λ and R
′

�

λ .
Which method to select for a particular application, is determined by laser

intensity, wavelength, angle of incidence, polarisation, sample composition, tem-
perature and available funds.

Laser calorimetry is relatively cheap and calibration is simple. It offers several
”degrees of freedom” concerning experimental parameters that can be changed, but
may prove a little more difficult for elevated temperatures where a furnace is needed.
It also requires some pre knowledge of the sample at hand, especially of its specific
heat (as a function of temperature).

Gonioreflectometers are a fairly new tool but are now commercially available
in a few different forms. Problems involve getting adequate enough information
about the full BRDF function for spatial integration to be accurate. Gonioreflec-
tometers are probably the most complete solution, offering almost full versatility
concerning parameters like wavelength, angle of incidence, polarisation, tempera-
ture, etc., but need further development [13].

Heated cavity reflectometers are relatively complicated to build and are not
commercially available. They can only be used for low temperature measurements.
The viewport is usually fixed so unless a turnable holder is utilized only fixed angle
measurements can be performed. No intensity or polarisation effects can be studied.

Integrating sphere reflectometers have been around for quite some time and
are commercially available from the ultraviolet (250nm) to far infrared wavelengths
(20μm). They are versatile but can be sensitive to high temperatures and require a
library of suitable reflectance standards.

Integrating mirrors tend to be less popular than integrating spheres because
of their sensitivity to misalignment errors, flux losses and mirror aberrations. They
also share the same limitations concerning high temperatures.

Emittance spectroscopy is limited to the IR wavelength region (λ > 2μm)
and for high temperatures (> 500 ◦C). No intensity or polarisation effects can be
studied.
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This review is by no means meant to be exhaustive or complete. The aim
was to give an overview of some different options available for the measurement
engineer wanting to determine how much of his laser energy is absorbed by a spe-
cific, opaque sample. Methods based on optical constants determination, such as
ellipsometry, polarimetry or Kramer-Krönig integration have been left out, since
they either are very sensitive to surface conditions and/or require a vast amount of
spectral data that is not readily available to the laser engineer (unless a tunable laser
with a very wide spectral band is at hand).

5 Further reading

A good introductory treatment of the optical properties of solids dealing with ab-
sorption, reflection, transmission, etc. can be found in Mark Fox’ ”Optical Proper-
ties of Solids” (2001) [45].

A good standard text and reference to the field of thermal radiation can be
found in the classic book by Robert Siegel and John Howell called ”Thermal Radi-
ation Heat Transfer” (2002) [12], and also in Michael F. Modest’s ”Radiative Heat
Transfer” (2003) [14]. In the latter book, an overview of different measurement
methods is presented as well as a useful introduction to the most common optical
components used in radiative property measurements.

Many of the references used in this paper were collected from Jean-Francois
Sacadura’s excellent report ”Measurement techniques for thermal radiation proper-
ties” (1990) [13].

Vast databases of optical constants of pure and smooth solids can be found in
eg. Palik’s ”Handbook of Optical constants of Solids” [46], as well as explanations
of the experimental means of their determination.
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Table 1: Summary of definitions for radiative surface properties of solids

Property Symbol Comments

directional ε
′

λ
depends on wavelength and

Spectral outgoing direction

Emittance hemispherical ε

�

λ
average over outgoing
directions of ε

′

λ

Total directional ε
′

tot
spectral average over ε

′

λ

hemispherical ε

�

tot
directional and spectral average of ε

′

λ

directional A
′

λ
depends on wavelength and

Spectral incoming direction

Absorptance hemispherical A

�

λ
average over incoming directions of A

′

λ

Total directional A
′

tot
spectral average over A

′

λ

hemispherical A

�

tot
directional and spectral average of A

′

λ

bidirectional R
′′

λ
depends on wavelength and both
incoming and outgoing directions

Spectral directional-hemispherical R
′

�

λ
average over outgoing directions

hemispherical-directional R

�

′

λ
average over incoming directions

Reflectance bihemispherical R

� �

λ
average over incoming
and outgoing directions

bidirectional R
′′

tot
spectral average of R

′′

λ

Total directional-hemispherical R
′

�

tot
outgoing directional average of R

′′

tot

hemispherical-directional R

�

′

tot
incoming directional average of R

′′

tot

bihemispherical R

� �

tot
average over both directions of R

′′

tot
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Abstract

The measurement of absorptance is important for the analysis and modelling of 
laser-material interactions. Unfortunately, most of the absorptance data presently 
available considers only polished pure metals rather than the commercially 
available (unpolished, oxidised) alloys which are actually being processed. This 
paper presents the results of absorptance measurements carried out at room 
temperature on as-received engineering grade steels including hot and cold rolled 
mild steel, zinc coated mild steel and stainless steel. The measurements were 
made using an integrating sphere with an Nd:YLF laser at two wavelengths 
(1053nm and 527nm – which means that the results are also valid for Nd:YAG 
radiation at 1064nm and 532nm). The absorptance results obtained differ 
considerably from existing data for polished, pure metals and should help improve 
the accuracy of laser-material interaction models. 

1. Introduction 

In Laser Material Processing of metals, an understanding of the fundamental 
absorption mechanisms plays a vital role in determining the optimum processing 
parameters and conditions. The absorptance1, which is the fraction of the incident 
laser light which is absorbed, depends on a number of different parameters, the 
most important of which are listed in Table 1 [1]. 

1 Also known as absorptivity. NIST recommends using the –ivity ending for perfectly flat and pure 
surfaces and –ance for rough and contaminated surfaces (ie. all real surfaces). 
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Table 1: Laser and metal properties of importance to absorption. [1] 
Laser properties Metal properties 
Intensity Composition 
Wavelength Temperature 
Polarization Roughness
Angle of Incidence Oxide layers 

Contamination (dust, dirt, surface 
and bulk defects, etc.) 

In many models of processing applications, such as cutting, welding, drilling, 
cladding, hardening, etc. it is important to model the absorption correctly. In more 
sophisticated models it may be necessary to have an analytical function for the 
different absorption mechanisms, in other simpler cases it may be sufficient to 
have an accurate average absorptance value to plug in. In any case, tabulated data 
in the literature for the absorptance and reflectance of metals are usually presented 
for perfectly pure, clean and flat surfaces which are free from oxide layers 
(measurements are commonly done in vacuum). This is quite different from the 
normal situation found in a real life material processing application, where most 
metal surfaces show certain degrees of roughness, imperfections, dust, dirt and 
where oxide layers are more of a rule than an exception. The tabulated values for 
pure polished surfaces are therefore often too inappropriate for use in a 
mathematical model of a real-life processing application. Also, this concentration 
on pure metals has meant that there is sparse information available for the 
absorptance of most alloys (stainless steel, brass, etc.). 

It is, of course, extremely difficult to measure the absorptance of the molten, 
turbulent surfaces typical of laser welding or cutting. However, it is possible to 
accurately measure the absorptance of the solid material at room temperature and 
the values obtained can provide an insight into how the materials behave at 
elevated temperatures. This can be argued from the fact that for wavelengths 
around 1 m, the temperature dependence is small. It is well established that 
metals usually have a so called x-point, a wavelength point or band where the 
temperature coefficient of absorptance changes sign [2]. The reason for this kind 
of behaviour lies in the different temperature coefficients for intraband (free-
electron) and interband (bound-electron) absorption, the two intrinsic absorption 
mechanisms prevalent in metals. Intraband absorption increases with temperature, 
simply because the free electrons gain kinetic energy while the phonon population 
grows, which increases the electron-phonon collision frequency (ie. the energy 

 82



Paper 3: The Absorptance of Steels to Nd:YLF and Nd:YAG Laser Light at Room Temperature 

conversion efficiency between light, free electrons and lattice). Interband 
absorption, on the other hand, is much more complicated and depends on the 
particular band structure of the metal. The general principle is that as the 
temperature is elevated, the electron Fermi energy distribution function is 
smoothed out and the absorption bands are broadened. The competition between 
these two effects leads to the x-point, which for most metals lies near 1 m [3].  

In any case, the absorptance of the solid material as opposed to the molted state is 
in itself very important for two reasons: 

1. During the initiation of any weld or cut the laser is interacting with the 
solid surface.  

2. During welding or cutting the leading edge of the laser beam in many 
cases interacts with the solid surface of the material. 

This paper presents the results of an experimental survey of the room-temperature 
absorptance of a wide range of as-received commercially available alloys. 

There are a number of different experimental methods available for measuring 
laser absorptance in opaque solids. Some of the more commonly used are; laser 
calorimetry, gonioreflectometry, integrating sphere or integrating mirror 
reflectometry and emittance spectroscopy [4].  

In this paper, reflectometry using an integrating sphere was selected, mainly 
because integrating spheres are commercially available, relatively inexpensive 
and easy to use while at the same time being very accurate and versatile. By 
measuring the reflectance R of a sample, we get immediate information regarding 
the absorptance A, since A = 1 – R for opaque solids. 
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2. Experimental setup

Fig. 1: The experimental setup for measuring reflectance. 

2.1 Instrumentation 

The reflectance measurements were carried out in the laser laboratory at the Mid 
Sweden University, in Östersund. The laser used as the radiation source was a 1W 
cw Nd:YLF laser with fundamental wavelength 1053nm, equipped with a SHG 
(Second Harmonic Generation) crystal to also allow production of green light at 
527nm. 

The reflectance of the various metals was measured by using an integrating sphere 
in a double beam setup, as shown in Fig. 1. The 150mm diameter 6-port 
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integrating sphere, has a barium sulphate based coating called Spectraflect, which 
has high reflective lambertian properties for wavelengths between 300 and 2400 
nm.  

The Nd:YLF laser beam was directed onto a rotatable mirror (M2 in Fig. 1) that 
was flipped between two positions to produce sample and reference beams. The 
flipping frequency was set to approximately 1 Hz, to ensure mirror stability. 
Mirrors 3 and 4 (M3 and M4 in Fig. 1) then directed the beams onto the sample 
and reference, respectively, at an angle of incidence of 8°. As reference a port 
plug of Spectraflect was used. After spatial integration by the sphere, the reflected 
light was then detected by a reverse biased 5.7 mm2 Si photodiode, with a spectral 
response between 190nm and 1100nm. The voltage signal of the photodiode was 
finally digitized in an A/D-converter and sampled by a PC. 

2.2 Samples and standards 

  Table 2: List of the steels examined in this survey and their chemical   
  composition. 

Mild steels Surface finishes Fe C Cr Ni Mn

43A DIN 17100 St44-2

hot rolled, hot rolled 
pickled and oiled; hot 
rolled and corroded 98,0% 0,2% 0,0% 0,0% 1,5%

CR4 MILD STEEL cold rolled 99,0% 0,1% 0,0% 0,0% 0,6%
Stainless steels 

304 DIN 1.4301 
cold rolled, hot rolled, 
bright annealed 70,4% 0,0% 18,0% 9,5% 2,0%

316 DIN 1.4401 cold rolled, brushed 68,4% 0,0% 17,0% 12,5% 2,0%
430 DIN 1.4016 bright annealed 81,4% 0,0% 17,0% 0,5% 1,0%
3Cr12 DIN 1.4003 hot rolled 88,0% 0,0% 11,5% 0,5% 0,0%

The samples (Table 2 lists the different steels examined in the survey) were laser 
or mechanically cut from sheets into 30mm squares with thicknesses varying 
between 2 and 6 mm. For each sample, measurements were taken at five separate 
locations which were then averaged and a standard deviation was calculated. Each 
measurement for every location is in turn an average of over 300 data points. 

All integrating sphere measurements are done relative to a standard of known 
reflectance.
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In these experiments a combination of diffuse and specular reflectance standards 
were utilized. The diffuse standards had reflectances between 2 and 99 %. The 
specular standard consisted of an Al-coated mirror, which was calibrated at the 
Angstrom Laboratory in Uppsala. It had a reflectance of 97.7 % at 1053nm and 
98.9 % at 527nm. 

2.3 Error correction methods 

Several correction methods were applied to the reflectance measurements to 
improve accuracy and minimize errors. Clarke and Compton [5] have identified 
the following main sources of errors in integrating sphere reflectometers:  

(a)  light losses through ports in the sphere wall, 
(b) unequal illumination of the sample and standard and changes in throughput 
when a single beam method is used,  
(c) directional dependence of light scattering from the sample and standard 
surfaces,
(d)  errors due to diffraction effects in apertures. 
(e)  errors due to imperfect diffusion of reflected light from the sphere walls (non-
lambertian characteristics) and 
(f)  baffling. 

To minimize these errors the following procedures and correction methods were 
applied to the measurements: 

(a) Light losses:  
With the aim of reducing light losses, all ports not in use were closed with port 
plugs.

(b) Unequal illumination of sample and standard:  
The double beam configuration used in these experiments avoids the substitution 
error, which is often a feature of single beam measurements (and can be as large 
as 4-5 % according to the manufacturers [6]). The double beam configuration also 
has the advantage of reducing the influence of possible laser power fluctuations.

(c) Directional dependence of light scattering:
Light behaves slightly different inside the sphere when reflected from a rough 
surface as compared to a relatively flat one. Light incident on a flat surface is 
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subjected to mirror-like, specular reflection in contrast to rough surfaces where 
the reflected light is scattered diffusively into many different directions. This 
produces differences in the number of reflections needed inside the sphere before 
the light is homogenously scattered, which will lead to detector throughput 
changes. This error can be corrected for by using a combination of diffuse (rough) 
and specular (flat) reflectance standards.

By knowing the sample diffusivity, sD , which is the fraction of reflected light 
which is scattered diffusively (specular part excluded), the reflectance of the 
sample, sR , can then be obtained by 

, ,

, ,

(1 ) ,s r d r
s s s s

s r d r

R R
R S D D

S S
 (1) 

where sS  is the signal measured with the sample, ,s rR  is the reflectance of the 
specular standard (mirror), ,s rS  is the signal measured with the specular standard, 

,d rR  is the reflectance of the diffuse standard and  is the signal measured with 
the diffuse standard[7]. 

,d rS

The diffusivity can be measured by opening the specular exclusion port (or 
attaching a light trap) and comparing the signal from the sample to a signal from 
the diffuse standard, see Fig. 4. The diffusivity is then given by 

,

, ,

/
 1

/
s spex s

s
d spex d r

S S
D

S S
,    (2) 

where ,s spexS  is the signal measured with sample and with specular exclusion port 
opened and  is the signal measured with the diffuse standard and specular 
exlusion port opened. Using this method, a diffusivity of 100 % was assigned to 
the diffuse standards and 0 % to the specular mirror standard. This error was 

,d spexS
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empirically seen to be almost negligible for =527 nm, but could amount to more 
than 1 % in absolute reflectance for =1053 nm. 

Fig. 4: Diffusivity can be measured by excluding the specular fraction of the 
reflected light, through an empty port or by fitting a light trap. 

(d) Diffraction effects in apertures: 
To get a suitable laser spot size on the sample, a lens was put in front of the 
sample beam entrance port. Due to diffraction, this produces a characteristic halo 
around the sample and sample port, which causes a slight error to the 
measurements. Empirically this was shown to be around 0.2 % in absolute 
reflectance. This error was easily corrected for by measuring the signal with the 
sample port empty and subtracting this from the signal with the sample in place. 

Errors (e) and (f) are due to the specific sphere designs and are not easily 
corrected for.  

Another error was identified in the case of structured samples with contoured 
surfaces (termed lay in literature on surface properties). According to Roos [8] 
this error can be substantial if care is not taken in positioning the samples 
correctly in the sample ports. A contoured surface produces a reflected band of 
light (termed specular-diffuse radiation by Roos [8]) , which will produce errors if 
the band crosses the detector (giving too high a reflectance value) or passes 
through any open beam ports (giving too low a reflectance value). No other 
corrections than correct positioning was applied in this case. 
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The measurements were performed in a dark room to minimize the influence of 
external light sources, such as lamps. Corrections were also made to the current 
flowing through the photodiode in absence of light. These dark current 
measurements were performed before each measurement, which were then 
subtracted from the measured signals. 

Using the correction methods outlined above, the reflectance values of all the 
diffuse and specular standards were seen to be reproducible to at least within 0.3 
% in absolute reflectance. The same reliability can be attributed to the following 
results for the samples investigated. 

3. Results 

Figures 3-9 presents the optical microscopy, SEM, profilometry and absorptance 
results obtained in this survey. In each figure, the magnification used is 100 times 
for the microscopy pictures, 2000 times for the SEM photos and 5 times for the 3-
D profilometry scans. In the table below the photos the average absorptance A and 
standard deviation  are given for both wavelengths as well as the results of the 
optical profilometry measurements2.

2 Sa and Sq are the average roughness and root mean square (rms) roughness evaluated over the 
complete 3D surface respectively. If the surface is given by Z(x,y), Sa and Sq are evaluated 
mathematically as follows:  
S a ( , )  a n d

a

Z x y d x d y 2S q ( ( , ) ) .
a

Z x y d x d y
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3.1 Mild Steels 

Fig. 3: Cold rolled 

(a) CR4 I 

=1053nm =532nm 
A A

62,0% 2,2% 71,8% 1,5%

Sa[ m] 0,92 Sq[ m] 1,16

(b) CR4 II 

=1053nm =532nm 
A A

48,1% 1,4% 64,4% 0,5%

Sa[ m] 1,45 Sq[ m] 1,68
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Fig. 4: Hot rolled

(a) 43A I 

=1053nm =532nm 
A A

84,3% 0,6% 91,2% 0,0%

Sa[ m] 1,73 Sq[ m] 2,17

(b) 43A II 

=1053nm =532nm 
A A

81,4% 0,4% 82,3% 0,1%

Sa[ m] 0,46 Sq[ m] 0,58
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(c) 43A III 

=1053nm =532nm 
A A

86,8% 0,2% 88,8% 0,0%

Sa[ m] 1,24 Sq[ m] 1,51

Fig. 5: Hot rolled, pickled and oiled 43A 

=1053nm =532nm 
A A

67,8% 0,7% 78,1% 0,5%

Sa[ m] 2,68 Sq[ m] 3,23
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Fig. 6: Hot rolled and corroded 43A 

=1053nm =532nm 
A A

87,6% 1,3% 90,5% 1,5%

Sa[ m] 5,58 Sq[ m] 6,47
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3.2 Stainless steels 

Fig. 7: Cold rolled

(a) 304 

=1053nm =532nm 
A A

37,4% 0,3% 44,6% 0,2%

Sa[ m] 0,29 Sq[ m] 0,34

(b) 316 

=1053nm =527nm 
A A

37,2% 0,3% 43,8% 0,3%

Sa[ m] 0,15 Sq[ m] 0,19
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Fig. 8: Hot rolled 

(a) 304 

=1053nm =527nm 
A A

57,5% 3,2% 65,2% 2,7%

Sa[ m] 3,26 Sq[ m] 4,17

(b) 316 

=1053nm =532nm 
A A

54,6% 9,4% 64,1% 6,5%

Sa[ m] 2,25 Sq[ m] 3,57
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(c) 3Cr12 

=1053nm =527nm 
A A

44,2% 1,8% 54,8% 3,8%

Sa[ m] 2,47 Sq[ m] 3,48

Fig. 9: Specially prepared surfaces 

(a) Bright annealed 304 

=1053nm =527nm 
A A

32,4% 0,2% 42,9% 0,8%

Sa[ m] 0,09 Sq[ m] 0,12
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(b) Bright annealed 430 

=1053nm =527nm 
A A

37,0% 0,3% 48,9% 0,3%

Sa[ m] 0,05 Sq[ m] 0,08

(c) Dull polished or brushed 316 

=1053nm =527nm 
A A

37,3% 2,3% 45,4% 2,5%

Sa[ m] 1,38 Sq[ m] 1,83
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Table 3 lists a summary of the absorptance and reflectance measurements 
eastablished in these experiments.  

      Table 3. A summary of the average absorptance and reflectance
      measurements obtained from this survey 

=1053nm =527nm 
Material A R A R
Cold rolled mild steel 52% 48% 67% 33%
Hot rolled mild steel 86% 14% 89% 11%
Hot rolled, pickled + oiled mild 
steel 68% 32% 78% 22%
Hot rolled, corroded mild steel 88% 12% 91% 9%
Cold rolled stainless steel 37% 63% 44% 56%
Hot rolled stainless steel 56% 44% 65% 35%
Bright annealed stainless steel 35% 65% 46% 54%
Brushed stainless steel 37% 63% 46% 54%
Hot rolled 3Cr12 44% 56% 55% 45%

4. Discussion 

A short discussion of the different groups of alloys examined in this experimental 
survey will now follow. 

4.1 Mild Steel 

As table 2 demonstrates, mild steel is >98% iron. It can clearly be seen from table 
3 however, that the absorptance of cold rolled mild steel (52% at 1053nm and 
67% at 527nm) is considerably higher than the published figure for polished iron 
(36% at 1053nm and 43% at 527nm [9]). This increase in absorptance is to be 
expected as our mild steel samples are not polished and are, to some extent, 
oxidised.

As would be expected, the absorptance of mild steel increases with increasing 
levels of surface oxide. The relatively clean metal surface of cold rolled mild steel 
is more reflective than a pickled and oiled hot rolled surface (pickling and oiling 
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involves chemical removal of the thick oxide coating created during hot rolling 
but involves some surface pitting and corrosion of the underlying steel before it is 
coated with a protective layer of oil). Hot rolled steel absorbs more light than its 
pickled counterpart and the absorptance is further increased in the presence of 
corrosion.

Hot rolled mild steel does not have a metallic surface as it is coated in a 
combination of iron oxides. The absorptances of FeO, Fe2O3 and Fe3O4 are shown 
in Table 4. 

Table 4. Absorptances of the iron oxides. 
AbsorptanceOxide =1053nm =527nm 

FeO [10] 19% 20%
Fe2O3 (hematite) [11] 31% 3%
Fe3O4 (magnetite) [12] 20% 17%

It is clear from table 4 that the presence of iron oxides, either as mill scale or 
corrosion products will increase the absorptance of the steel surface. 

4.2 Stainless Steel 

The surface chemistry of hot rolled and cold rolled stainless steel is similar 
because the hot rolled material always has any surface scale removed prior to 
delivery. Thus, the main difference between hot and cold rolled stainless steel is 
one of surface texture. Comparison of the surface profilometry maps and data in 
figures 7 and 8 reveals that the hot rolled material has a much rougher surface 
than the cold rolled steel. This has resulted in much higher absorptance values for 
the hot rolled material. The correlation between surface roughness and 
absorptance is, however, not as straight forward as the cold rolled – hot rolled 
comparison suggests. The standard cold rolled 316 sample has a roughness 
measurement which is an order of magnitude larger than the dull polished 
(brushed) sample but the absorptances of the two surfaces are very similar. This 
phenomenon will be the subject of future work. 
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5. Conclusions

Reliable absorptance results have been measured for a range of mild and stainless 
steels for Nd:YLF and Nd:YAG lasers and their infrared and green wavelengths. 
These results have, as expected, been found to differ considerably from existing 
published data for pure, polished metals. 
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The Absorptance of Non-ferrous Alloys to Nd:YLF and 
Nd:YAG Laser Light at Room Temperature 

D. Bergstrom1, J. Powell2, A. Kaplan3

1Mid Sweden University, Östersund, Sweden; 2Laser Expertise Ltd., Nottingham, 
UK; 3Luleå University of Technology, Luleå, Sweden 

Abstract

The measurement of absorptance is important for the analysis and modelling of 
laser-material interactions. Unfortunately, most of the absorptance data presently 
available considers only polished pure metals rather than the commercially 
available (unpolished, oxidised) alloys which are actually being processed. This 
paper presents the results of absorptance measurements carried out at room 
temperature on as-received engineering grade steels including aluminium alloys, 
copper, brass and zinc coated mild steel. The measurements were made using an 
integrating sphere with an Nd:YLF laser at two wavelengths (1053nm and 527nm 
– which means that the results are also valid for Nd:YAG radiation at 1064nm and 
532nm). The absorptance results obtained differ considerably from existing data 
for polished, pure metals and should help improve the accuracy of laser-material 
interaction models. 

1. Introduction 

In Laser Material Processing of metals, an understanding of the fundamental 
absorption mechanisms plays a vital role in determining the optimum processing 
parameters and conditions. The absorptance1, which is the fraction of the incident 
laser light which is absorbed, depends on a number of different parameters, the 
most important of which are listed in Table 1 [1]. 

1 Also known as absorptivity. NIST recommends using the –ivity ending for perfectly flat and pure 
surfaces and –ance for rough and contaminated surfaces (ie. all real surfaces). 
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Table 1: Laser and metal properties of importance to absorption. [1] 
Laser properties Metal properties 
Intensity Composition 
Wavelength Temperature 
Polarization Roughness
Angle of Incidence Oxide layers 

Contamination (dust, dirt, surface 
and bulk defects, etc.) 

In many models of processing applications, such as cutting, welding, drilling, 
cladding, hardening, etc. it is important to model the absorption correctly. In more 
sophisticated models it may be necessary to have an analytical function for the 
different absorption mechanisms, in other simpler cases it may be sufficient to 
have an accurate average absorptance value to plug in. In any case, tabulated data 
in the literature for the absorptance and reflectance of metals are usually presented 
for perfectly pure, clean and flat surfaces which are free from oxide layers 
(measurements are commonly done in vacuum). This is quite different from the 
normal situation found in a real life material processing application, where most 
metal surfaces show certain degrees of roughness, imperfections, dust, dirt and 
where oxide layers are more of a rule than an exception. The tabulated values for 
pure polished surfaces are therefore often too inappropriate for use in a 
mathematical model of a real-life processing application. Also, this concentration 
on pure metals has meant that there is sparse information available for the 
absorptance of most alloys (stainless steel, brass, etc.). 

It is, of course, extremely difficult to measure the absorptance of the molten, 
turbulent surfaces typical of laser welding or cutting. However, it is possible to 
accurately measure the absorptance of the solid material at room temperature and 
the values obtained can provide an insight into how the materials behave at 
elevated temperatures. This can be argued from the fact that for wavelengths 
around 1 m, the temperature dependence is small. It is well established that 
metals usually have a so called x-point, a wavelength point or band where the 
temperature coefficient of absorptance changes sign [2]. The reason for this kind 
of behaviour lies in the different temperature coefficients for intraband (free-
electron) and interband (bound-electron) absorption, the two intrinsic absorption 
mechanisms prevalent in metals. Intraband absorption increases with temperature, 
simply because the free electrons gain kinetic energy while the phonon population 
grows, which increases the electron-phonon collision frequency (ie. the energy 
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conversion efficiency between light, free electrons and lattice). Interband 
absorption, on the other hand, is much more complicated and depends on the 
particular band structure of the metal. The general principle is that as the 
temperature is elevated, the electron Fermi energy distribution function is 
smoothed out and the absorption bands are broadened. The competition between 
these two effects leads to the x-point, which for most metals lies near 1 m which 
has been experimentally well confirmed [3].  

In any case, the absorptance of the solid material as opposed to the molted state is 
in itself very important for two reasons: 

1. During the initiation of any weld or cut the laser is interacting with the 
solid surface.  

2. During welding or cutting the leading edge of the laser beam in many 
cases interacts with the solid surface of the material. 

This paper presents the results of an experimental survey of the room-temperature 
absorptance of a wide range of as-received commercially available alloys. 

There are a number of different experimental methods available for measuring 
laser absorptance in opaque solids. Some of the more commonly used are; laser 
calorimetry, gonioreflectometry, integrating sphere or integrating mirror 
reflectometry and emittance spectroscopy [4].  

In this paper, reflectometry using an integrating sphere was selected, mainly 
because integrating spheres are commercially available, relatively inexpensive 
and easy to use while at the same time being very accurate and versatile. By 
measuring the reflectance R of a sample, we get immediate information regarding 
the absorptance A, since A = 1 – R for opaque solids. 
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2. Experimental setup

Fig. 1: The experimental setup for measuring reflectance. 

2.1 Instrumentation 

The reflectance measurements were carried out in the laser laboratory at the Mid 
Sweden University, in Östersund. The laser used as the radiation source was a 1W 
cw Nd:YLF laser with fundamental wavelength 1053nm, equipped with a SHG 
(Second Harmonic Generation) crystal to also allow production of green light at 
527nm. 
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The reflectance of the various metals was measured by using an integrating sphere 
in a double beam setup, as shown in Fig. 1. The 150mm diameter 6-port 
integrating sphere, has a barium sulphate based coating called Spectraflect, which 
has high reflective lambertian properties for wavelengths between 300 and 2400 
nm.  

The Nd:YLF laser beam was directed onto a rotatable mirror (M2 in Fig. 1) that 
was flipped between two positions to produce sample and reference beams. The 
flipping frequency was set to approximately 1 Hz, to ensure mirror stability. 
Mirrors 3 and 4 (M3 and M4 in Fig. 1) then directed the beams onto the sample 
and reference, respectively, at an angle of incidence of 8°. As reference a port 
plug of Spectraflect was used. After spatial integration by the sphere, the reflected 
light was then detected by a reverse biased 5.7 mm2 Si photodiode, with a spectral 
response between 190nm and 1100nm. The voltage signal of the photodiode was 
finally digitized in an A/D-converter and sampled by a PC. 

2.2 Samples and standards 

    Table 2: A list of the alloys examined in this survey and their chemical
    composition. 

Aluminium alloys Al Fe Cu Zn Mn Si Mg P
Aluminium  (1050A) 99% 0,4% * * * 0,25% * -
NS4 (5251) 95,5% 0,50% 0,15% 0,15% 0,8% 0,4% 2,0% -
T6 (6082) 96% 0,5% * 0,2% 0,7% 1,0% 0,9% -
Copper alloys 
Copper   (C106 or Cu7n37) - - 99,8% - - - - *
Brass   (CZ108 or Cu DHP) - - 63% 37% - - - -
Zinc coated mild steel 
Zintec >99%†

Galvatite >99%†

Galvanized >99%†

* trace (<0,1%)
† surface composition 

The samples (Table 2 lists the alloys examined in the survey) were laser or 
mechanically cut from sheets into 30mm squares with thicknesses varying 
between 2 and 6 mm. For each sample, measurements were taken at five separate 
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locations which were then averaged and a standard deviation was calculated. Each 
measurement for every location is in turn an average of over 300 data points. 

All integrating sphere measurements are done relative to a standard of known 
reflectance. In these experiments a combination of diffuse and specular 
reflectance standards were utilized. The diffuse standards had reflectances 
between 2 and 99 %. The specular standard consisted of an Al-coated mirror, 
which was calibrated at the Angstrom Laboratory in Uppsala. It had a reflectance 
of 97.7 % at 1053nm and 98.9 % at 527nm. 

2.3 Error correction methods 

Several correction methods were applied to the reflectance measurements to 
improve accuracy and minimize errors. Clarke and Compton [5] have identified 
the following main sources of errors in integrating sphere reflectometers:  

(a)  light losses through ports in the sphere wall, 
(b) unequal illumination of the sample and standard and changes in throughput 
when a single beam method is used,  
(c) directional dependence of light scattering from the sample and standard 
surfaces,
(d)  errors due to diffraction effects in apertures. 
(e)  errors due to imperfect diffusion of reflected light from the sphere walls (non-
lambertian characteristics) and 
(f)  baffling. 

To minimize these errors the following procedures and correction methods were 
applied to the measurements: 

(a) Light losses:  
With the aim of reducing light losses, all ports not in use were closed with port 
plugs.

(b) Unequal illumination of sample and standard:  
The double beam configuration used in these experiments avoids the substitution 
error which is often a feature of single beam measurements (and can be as large as 
4-5 % according to the manufacturers [6]). The double beam configuration also 
has the advantage of reducing the influence of possible laser power fluctuations.
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(c) Directional dependence of light scattering:
Light behaves slightly different inside the sphere when reflected from a rough 
surface as compared to a relatively flat one. Light incident on a flat surface is 
subjected to mirror-like, specular reflection in contrast to rough surfaces where 
the reflected light is scattered diffusively into many different directions. This 
produces differences in the number of reflections needed inside the sphere before 
the light is homogenously scattered, which will lead to detector throughput 
changes. This error can be corrected for by using a combination of diffuse (rough) 
and specular (flat) reflectance standards.

By knowing the sample diffusivity, sD , which is the fraction of reflected light 
which is scattered diffusively (specular part excluded), the reflectance of the 
sample, sR , can then be obtained by 

, ,

, ,

(1 ) ,s r d r
s s s s

s r d r

R R
R S D D

S S
 (1) 

where sS  is the signal measured with the sample, ,s rR  is the reflectance of the 
specular standard (mirror), ,s rS  is the signal measured with the specular standard, 

,d rR  is the reflectance of the diffuse standard and  is the signal measured with 
the diffuse standard[7]. 

,d rS

The diffusivity can be measured by opening the specular exclusion port (or 
attaching a light trap) and comparing the signal from the sample to a signal from 
the diffuse standard, see Fig. 4. The diffusivity is then given by 
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where ,s spexS  is the signal measured with sample and with specular exclusion port 
opened and  is the signal measured with the diffuse standard and specular 
exlusion port opened. Using this method, a diffusivity of 100 % was assigned to 

,d spexS
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the diffuse standards and 0 % to the specular mirror standard. This error was 
empirically seen to be almost negligible for =527 nm, but could amount to more 
than 1 % in absolute reflectance for =1053 nm. 

Fig. 4: Diffusivity can be measured by excluding the specular fraction of the 
reflected light, through an empty port or by fitting a light trap. 

(d) Diffraction effects in apertures: 
To get a suitable laser spot size on the sample, a lens was put in front of the 
sample beam entrance port. Due to diffraction, this produces a characteristic halo 
around the sample and sample port, which causes a slight error to the 
measurements. Empirically this was shown to be around 0.2 % in absolute 
reflectance. This error was easily corrected for by measuring the signal with the 
sample port empty and subtracting this from the signal with the sample in place. 

Errors (e) and (f) are due to the specific sphere designs and are not easily 
corrected for.  

Another error was identified in the case of structured samples with contoured 
surfaces (termed lay in literature on surface properties). According to Roos [8] 
this error can be substantial if care is not taken in positioning the samples 
correctly in the sample ports. A contoured surface produces a reflected band of 
light (termed specular-diffuse radiation by Roos [8]) , which will produce errors if 
the band crosses the detector (giving too high a reflectance value) or passes 
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through any open beam ports (giving too low a reflectance value). No other 
corrections than correct positioning was applied in this case. 

The measurements were performed in a dark room to minimize the influence of 
external light sources, such as lamps. Corrections were also made to the current 
flowing through the photodiode in absence of light. These dark current 
measurements were performed before each measurement, which were then 
subtracted from the measured signals. 

Using the correction methods outlined above, the reflectance values of all the 
diffuse and specular standards were seen to be reproducible to at least within 0.3 
% in absolute reflectance. The same reliability can be attributed to the following 
results for the samples investigated. 

3. Results 

Figures 3-10 presents the optical microscopy, SEM, profilometry and absorptance 
results obtained in this survey. In each figure, the magnification used is 100 times 
for the microscopy pictures, 2000 times for the SEM photos and 5 times for the 3-
D profilometry scans. In the table below the photos the average absorptance A and 
standard deviation  are given for both wavelengths as well as the results of the 
optical profilometry measurements2.

2 Sa and Sq are the average roughness and root mean square (rms) roughness evaluated over the 
complete 3D surface respectively. If the surface is given by Z(x,y), Sa and Sq are evaluated 
mathematically as follows:  
S a ( , )  a n d

a

Z x y d x d y 2S q ( ( , ) ) .
a

Z x y d x d y

 113



Paper 4: The Absorptance of Non-ferrous Alloys to Nd:YLF and Nd:YAG Laser Light at Room Temperature 

3.1 Aluminium alloys 

Fig. 3: Aluminium (commercially pure) 

=1053nm =532nm 
A A

15,7% 1,3% 32,4% 2,8%

Sa[ m] 0,25 Sq[ m] 0,32

Fig. 4: NS4 

(a) 3mm thick 

=1053nm =532nm 
A A

20,7% 0,7% 42,6% 1,2%

Sa[ m] 0,28 Sq[ m] 0,35
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(b) 6mm thick 

=1053nm =532nm 
A A

26,9% 1,3% 53,9% 1,8%

Sa[ m] 0,23 Sq[ m] 0,29

Fig. 5: T6 

=1053nm =532nm 
A A

23,9% 1,3% 39,3% 3,0%

Sa[ m] 0,30 Sq[ m] 0,36
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3.2 Copper alloys 

Fig. 6: Copper (commercially pure) 

=1053nm =532nm 
A A

5,6% 1,0% 57,6% 1,3%

Sa[ m] 0,16 Sq[ m] 0,20

Fig. 7: Brass 

(a) Non-polished 

=1053nm =532nm 
A A

10,2% 1,0% 34,1% 2,0%

Sa[ m] 0,50 Sq[ m] 0,62
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(b) Polished 

=1053nm =532nm 
A A

13,3% 1,7% 37,5% 2,1%

Sa[ m] 0,54 Sq[ m] 0,66

3.3 Zinc coated mild steels 

Fig. 8: Zintec 

=1053nm =532nm 
A A

77,6% 0,2% 60,5% 0,3%

Sa[ m] 2,34 Sq[ m] 2,77
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Fig. 9: Galvatite 

=1053nm =532nm 
A A

53,8% 1,9% 33,4% 1,4%

Sa[ m] 0,52 Sq[ m] 0,68

Fig. 10: Hot-dip galvanized (spangled) 

(a) I 

=1053nm =532nm 
A A

63,1% 3,7% 48,7% 3,9%

Sa[ m] 0,33 Sq[ m] 0,43
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(b) II 

=1053nm =532nm 
A A

63,0% 3,5% 45,1% 6,6%

Sa[ m] 0,58 Sq[ m] 0,78
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3.4 Summary of the absorptance measurements 

Table 3 provides  a summary of the absorptance (and reflectance) values obtained 
for the various alloys investigated. 

       Table 3. A summary of the absorptance and reflectance measurements 
=1053nm =527nm 

Material Absorptance Reflectance Absorptance Reflectance

Commercially pure Al 16% 84% 32% 68%
NS4 (average) 24% 76% 48% 52%
T6 24% 76% 39% 61%
Commercially pure Cu 6% 94% 58% 42%
Brass (average) 12% 88% 38% 62%
Zinc coated steels (average) 64% 36% 47% 53%

4. Discussion 

A short discussion of the different groups of alloys examined in this experimental 
survey will now follow. 

4.1 Aluminium alloys 

Previously published figures put the absorptances of aluminium as 4.8% at 
1053nm and 7.6% at 527nm [9]. The figure we measured for our commercially 
pure (99% Al) aluminium sheet for 1053nm was ~ 16% and this increase is 
clearly due to the oxidised and unpolished nature of our sample. The average 
figure of ~ 32% we obtained for 527nm is surprisingly higher than the previously 
published value but the accuracy of this new value is supported by the fact that all 
the results for 527nm were considerably higher than for 1053nm over the whole 
range of aluminium samples studied. The increased absorption for the NS4 and T6 
grades compared with the ‘pure’ aluminium sample is undoubtedly related to the 
increase in alloying elements in these grades.  
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4.2 Copper alloys

Once again the ‘pure’ copper has a higher absorptance (6% at 1053nm and 58% at 
527nm) than the previously published values (eg. 2.4% at 1053nm and 38.2% at 
527nm [9]). The explanation for the quite large difference in absorptance between 
the two wavelengths lies in the details of the band structure of copper, showing a 
typical interband absorption edge at ~550nm. The addition of 37% of zinc to the 
copper (to produce brass) increases the absorptance at 1053nm but decreases it at 
527nm for reasons which will be discussed in the ‘zinc coated mild steel’ section. 

4.3 Zinc coated mild steel 

Zinc coatings come in a wide range of finishes and three of the most commonly 
available have been tested here. Of course, we are no longer dealing with a mild 
steel surface in this case and the laser is interacting only with the zinc. It can be 
observed from Table 3 that in every case except where zinc is involved, the 
absorptance of the metals at 527nm is higher than it is at 1053nm. In the case of 
brass (37% Zn) and the zinc coated mild steel this trend is reversed. The reason 
for this lies in the band structure and absorptance spectra of zinc, the latter of 
which has a sharp peak at ~1080nm for the VIS/NIR wavelength region [10]. 
The absorptance of the Zintec sample is considerably higher than that of the 
Galvatite or galvanized (spangled) samples. The SEM photographs and surface 
roughness measurements indicate that the reason behind this higher absorptance is 
the rougher surface texture of the Zintec.

5. Conclusions 

Reliable absorptance results have been measured for a range of non-ferrous alloys 
for Nd:YAG and Nd:YLF lasers at their infrared and green wavelengths. These 
results have, as expected, been found to differ substantially from existing 
published data for pure, polished metals. 
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Abstract

This paper presents the results of an experimental program investigating the 
ablation of oxides from copper alloy surfaces using a frequency doubled Nd:YAG 
laser. A collection of coins with similar levels of surface oxidation were cleaned 
using range of laser pulsing parameters on dry, wet and submerged surfaces. It 
was discovered that laser cleaning was always associated with one of two types of 
coin surface damage. At higher powers the damage took the form of surface 
melting and at lower powers the incident laser beam converted the original oxide 
layer into adherent droplets of molten metal. 

1. Introduction 

The removal of oxide layers from copper artifacts using lasers has been of interest 
to conservation and restoration experts since the pioneering work of Asmus in the 
1970s [1]. More recently the subject has attracted interest from the micro 
electronics industry for the production of very clean copper surfaces [2].  
Pini et al [3] found that Nd:YAG (1064 nm) lasers were effective at removing 
calcareous and siliceous encrustations from bronze objects but were slow to 
remove the underlying copper oxide layer from the bronze substrate. During these 
tests the samples to be cleaned were first dampened with distilled water to 
enhance coupling of the laser light and to provide localised cooling. Pulse 
durations in the nanosecond range combined with fluences in the range 0.4 -1.0 
J/cm2 were found to give the best results for the removal of surface oxides.      
Drakaki et al [4] also found that laser cleaning was more effective with wet rather 
than dry coins. In this case the fluences were similar to the Pini et al work (0.4 
J/cm2) but pulse lengths were in the range of microsecond to avoid plasma effects 
and mechanical distortion associated with nanosecond pulses. 
Siano et al [5] noted that one of the reasons water was useful to the cleaning 
process was because copper oxides have a low thermal conductivity (of the order 
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of 5 W/moK, compared to the value for copper of 400 W/moK) and could 
therefore reach very high temperatures and become reduced back to their metallic 
state. This reduction would coat the underlying substrate with newly created 
metallic particles and interfere with the cleaning process. 
It is generally agreed in the literature that the ablation threshold of the cleaning 
process rises with TL (the laser pulse width) [6].  This is because longer pulses 
produce a cooler interaction [7].
Kearns et al [8] used a frequency doubled Nd:YAG laser (  =532 nm) to remove 
oxides (CuO + Cu2O) from copper surfaces but noted that the process produced 
microscopic craters in the copper surface. The work estimated an oxide removal 
threshold of 6.6 – 9.8 J/cm2.
In this present research a frequency doubled Nd:YAG laser (wavelength =532 nm) 
was used to clean the oxide layer from a selection of similar coins. The coins were 
in one of three conditions; 

a)dry
b) wet on the surface 
c) submerged beneath 1.0 mm of water 

The laser was used in its pulsed mode with raster mirrors to project a series of 
parallel lines onto the coin surface. In some cases the coin was then rotated 
though 90° and then cleaned again. 

2. Experimental work 
2.1 Laser Equipment 
The laser used in this work was a Rofin Sinar Nd:YAG Laser (Diodlaser RSM 
200 D/SHG) which can be operated at 532 nm in the pulsed mode. 

3. Results and Discussion 
The experimental work began with a pilot study using only dry surfaces. In each 
case half a coin was cleaned by running a raster pattern of overlapping laser 
pulses over the surface. Then the coin was rotated through 90° and the cleaning 
process was repeated. This eventually gave a sample similar to that shown in 
figure1 with four quadrants on its surface; two quadrants (b + d) which had been 
laser cleaned once, one quadrant (c) which had been cleaned twice, and one 
quadrant (a) of oxidised, uncleaned surface. 
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 c d

    b a

Figure 1.  A typical cleaned sample from the pilot study. One quadrant (a) 
remains uncleaned, quadrants (b) and (d) have been cleaned once by the laser, 
quadrant (c) has been cleaned twice with overlapping raster patterns at 90° to each 
other.

     To the naked eye the cleaning results obtained from this experiment were 
excellent as can be seen from figures1, 2 and 3. The three optical photographs for 
sample 1 in figure 2 reveal a bright, completely cleaned surface. As the raster 
speed is increased from 50 m/s to 100 m/s and then 200 m/s the cleaning effect 
diminishes as would be expected. It is also clear that the single direction raster 
cleaning technique (quadrant b or d; fig 1) produces a pattern of parallel lines on 
the coin surface and this pattern disappears if two raster directions are super-
imposed (quadrant c; figure 1). Figure 3 demonstrates that the pulse frequency 
needs to be optimised to achieve the best cleaning results. 

 127



Paper 5: Cleaning Oxides From Copper Artifacts Using a Frequency-doubled Nd:YAG Laser 

Qu
ad
ra
nt

Optical photos SEM SEM

Sample 1 
Laser power 55 W 
Pulse length 60 nS 
Pulse frequency 5000 
Hz
Raster speed 50m/s
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Laser power 55 W 
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Figure 2. Optical and scanning electron microscopy of three coins cleaned with 
different raster speeds. 
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Figure 3. Optical and scanning electron microscopy of three coins cleaned with 
different pulse conditions. 
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Although the low magnification optical photographs indicate excellent results, the 
higher magnification SEM photos reveal evidence of a fundamental difference in 
surface topology between all the laser cleaned samples and the original oxidised 
surface (see figure 4).

10 m100 m

Figure 4. SEM photographs of a typical area of original, oxidised coin surface.

From comparison of figures 2, 3 and 4 it is clear that the coins have experienced 
surface melting as a result of exposure to the laser beam. This effect is most 
obvious in the case of sample 4 (figure 3) where the melt splashes left by the 
individual laser pulses are clearly evident. Even in this case however, the melting 
has not been of sufficient depth to change the macroscopic features of the stamped 
coin. The lower magnification SEM photos of samples 2 and 5 in figure 3 show 
that even shallow scratches have not been hidden by the surface melting. This 
evidence suggests that the melt is only a few microns deep. Nevertheless, surface 
melting is something which should be avoided in a process which should be 
merely revealing the metal surface below an oxide layer. 
     In order to achieve cleaning without surface damage it was decided to carry out 
similar cleaning trials using wet and submerged samples. The intention was to 
suppress surface melting by using water as a coolant.   
    Figure 5 present a direct comparison of the effect of the laser on the dry, wet 
and submerged (under 1.0 mm of water) samples. The dry surface result is what 
would be expected from the earlier work i.e. a surface covered in distinct, 
approximately circular splash zones. The wetted surface sample shows that the 
splash zones have lost much of their individual identity and have fused together in 
a more generalised melt pattern. At this magnification the submerged sample 
appears to have been cleaned without surface melting. The minor scratches and 
dents typical of the original surface are clearly visible and there is no evidence of 
splash zones. 
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a. Dry surface b. Wet surface c. Submerged surface 
Figure 5. Low magnification SEM photographs of laser irradiated surfaces in the 
(a)dry, (b)wet and (c)submerged conditions (identical laser parameters; laser 
power 55 W, pulse frequency 5000 Hz, pulse length 60 nS, scan speed 100 m/s). 

However, the initial impression of cleaning without melting given by figure 5c is 
refuted at higher magnification as figure 6 demonstrates. Here we see, once again, 
that the laser has melted the surface in all cases.  

a. Dry surface 40A 
5000 Hz 

b. Wet surface c. Submerged surface 
10 m 10 m 10 m

Figure 6. High magnifications SEM photos of the surfaces presented in figure 5.
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a b

100 m 10 m

Figure 7. The effect of reduced laser pulse energy on the surface (laser power 10 
W, pulse frequency 5000 Hz, pulse length 50 nS, scan speed 100 m/s). 

Figure 7 presents SEM views of the surfaces created at much lower laser powers 
than those used for figures 5 and 6. In this case the power was reduced from 55 W 
to 10 W and the resulting surface did not appear clean and bright to the naked eye. 
SEM examination of the surface revealed that it was covered in small (1-3 m
diameter) spheroids which were welded to the unmelted copper surface of the coin. 
EDX chemicals analysis of these droplets identified then as containing 
approximately 93 % copper, 5 % oxygen and 2 % tin (Atomic %). From this 
chemical analysis and an observation of their physical shape it seems likely that 
the droplets originated from the oxide layer on the coin surface. The incident layer 
energy has reduced the oxide surface to liquid metal which has subsequently been 
gathered into surface droplets. To support this theory, reflectance measurements 
were carried out: 
The reflectance of typical coins was measured with the surface in one of four 
states; oxidised, laser cleaned once, laser cleaned twice and mechanically polished. 
For these measurements a 1 W cw Nd:YLF laser (  = 1053 nm or 527 nm) was 
used in conjunction with an integrating sphere [9]. The average results of this 
examination are presented in table 1. 

Table 1. The reflectance of the coins in the oxidised state and after cleaning (  = 
527 nm) 

Coin condition Reflectance Absorptance
Oxidised (uncleaned) 14 % 86 % 
Laser cleaned once 39 % 61 % 
Laser cleaned twice 44 % 56 % 
Mechanically polished 37 % 63 % 
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 It is clear from table 1 that the oxide layer has an approximately 40 % higher 
absorptance to the laser light than the cleaned copper surface. This, combined 
with the lower thermal conductivity of copper oxides compared to copper 
(mentioned earlier), indicates that, at low laser power, the oxide could be affected 
without damage of the underlying copper. 
This phenomenon of droplets adhering to the material surface is almost as 
undesirable to a cleaning process as the surface melting effect noted at higher 
powers. In a search for a laser-material interaction zone which could provide 
cleaning without surface alteration of the substrate a wide range of laser 
parameters were employed down to; laser power 10 W, pulse frequency 1000 Hz, 
pulse length 220 nS.
     In all cases, wet, dry or submerged, the surface of the coin was either covered 
in droplets (low power) or melt (high power). In nearly all cases the coins were 
brightly cleaned to the naked eye and the surface alterations (melting or droplets) 
were only observable with the help of electron microscopy. 

4. Conclusion
Although frequency doubled Nd:YAG lasers can be used to remove oxides from 
copper coins these is always (within the experimental scope of this paper) a 
residual alteration of the coin surface. Either; 
a) the surface of the coin is melted  
or;
b) the oxide surface is transformed into small droplets of metal which adhere to 
the coin surface. 
These effects are generally microscopic and only visible at high magnification. 
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