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A B S T R A C T   

The use of additive manufacturing (AM) technologies for fabricating structural and functional parts is rapidly 
rising due to their transformative design flexibility and customizability. However, maintaining the uniformity 
and consistency of the fabricated part across the build plate is a critical challenge. One of the main sources of 
variability across the build plate is laser spot elongation in laser beam powder bed fusion (LB-PBF) AM which 
typically occurs when the beam moves from the center of the plate to the edge at different incidence angles. This 
laser spot elongation may then result in the loss of laser power density which can potentially cause elongated 
melt pools, poor dimensional accuracy, and formation of lack of fusion and more gas entrapped pores in the final 
part. Here, we report both geometrical calculations and experimental evidence to show the behavior of the laser 
in the different areas of the build plate. A pulsed laser is first used to show and calculate the geometrical footprint 
of the beam elongations at different incidence angles. Then, the surface roughness, melt pool size, and porosity 
variations are investigated for varying laser interaction cross-section across the build plate by manufacturing 
AlSi10Mg (an aluminum alloy) parts and correlating them to theoretical calculations. It is found that for given 
optimized process parameters at the center of the build plate, as the beam goes farther away from the center, it 
becomes elongated. As the power density falls, melt pool width becomes wider, melt pool depth becomes 
shallower (depending on the elongation orientation with respect to the scan direction), and the number of lack of 
fusion defects increases. This work provides fundamental insight into possible sources of variations across the 
build plate in an LB-PBF process that may help design new strategies to compensate for such variations to 
enhance uniformity and reliability of AM parts.   

1. Introduction 

The application of lasers has been vastly growing in various sectors, 
including additive manufacturing (AM), healthcare, aerospace, and 
automotive industries due to their high efficiency, high temporal and 
spatial precision, controlled power and energy densities, as well as 
compatibility with automation and artificial intelligence (AI) [1,2]. For 
instance, in the manufacturing sector, nowadays, it is easy to find a large 
number of research areas on laser technologies, including melting [3,4], 
cutting [5,6], welding [7,8], cladding [9,10], coating [2,11] and addi
tive technologies [12–14]. Among these technologies, laser-based AM 
processes such as laser beam powder bed fusion (LB-PBF) [15–22] is one 
of the fastest-growing methods transforming the way parts are being 

manufactured. To build comparable or better parts than their conven
tional counterparts, it is crucial to fully understand and control the 
fundamental mechanisms involved in the AM process. From the laser 
point of view, understanding the lasers, optics, and laser-powder in
teractions is essential in order to decipher the possible sources of vari
ations in the process. This allows for designing strategies and techniques 
in order to eliminate or compensate for such variations and enhance the 
uniformity, quality, reliability, and reproducibility of the printed parts 
[23,24]. 

For instance, the laser interplay with the powder is considered one of 
the most critical factors in LB-PBF printing [24,25]. The laser’s inter
action with powder is a complex phenomenon that occurs on fast time 
and microscopic size scales, often on the focal plane of the laser beam 
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with optimal power density for melting and sintering processes. Running 
on these small temporal and spatial scales suggests that even minor 
deviations from the optimal processing parameters can significantly 
impact the structural and mechanical properties of the final manufac
tured parts [26–33]. The location of the parts on the build plate is one of 
the sources of deviation in the LB-PBF process [23,34–36]. One 
contributing factor is the effect of beam incidence angle which results in 
beam elongation at high deflection angles, especially at the edge of the 
build plate, as presented in Fig. 1. This beam elongation increases the 
beam cross-sectional area, which varies depending on the location of the 
part on the build plate, potentially resulting in a considerable power 
density loss (i.e., W/cm2). If the process parameters are optimized for 
the center of the build plate, then parts closer to the edge may suffer 
from the lack of adequate power density which can form additional lack 
of fusion defects in the material. On the other hand, if the process pa
rameters are optimized for the edge of the build plate, then parts closed 
to the center may suffer from excessive power density, which can 
potentially form keyhole defects. Fig. 2. 

Recently, some studies also reported surface roughness variations in 
the LB-PBF parts depending on the laser incidence angle [34,37,38]. 
They attributed this behavior to the varying laser spot size in different 
locations, influencing the melt pool shape and stability. The interde
pendent effects of the laser incidence angle and surface orientation on 
the surface roughness of the LB-PBF parts is also studied by others [38, 
39]. To analyze this interdependency, the concept of surface laser 
relation angle ζ was introduced in [38]. Based on this parameter, they 
re-designed the entire build plate geometry to decrease the laser inci
dence polar angle and improve the part roughness quality. However, 
most research activities only have focused on the incidence angle and 
the impact of elongation on volumetric defects and surface roughness. 
No fundamental research has been so far conducted on why and how 
these changes occur. This study will tackle the problem from the 
perspective of the laser-materials interaction (i.e., power density, energy 
density, and interaction time) and explain how the incidence angle can 
change these parameters. A comprehensive study is done to show the 
beam projection and how it affects the microstructure, melt pool ge
ometry, and the quality of final parts. Finally, it is shown how the 
specimen orientation can reduce the impact of incidence angle and 
improve the quality of final parts. 

2. Materials and methods 

The effect of laser incidence angle on the laser footprint and melt 
pool geometry were studied by two different experimental designs, 
including i) single laser pulse experiment and ii) laser beam powder bed 
fusion (LB-PBF) experiment. 

2.1. Single laser pulse experiment 

The first experiment was designed with a nanosecond fiber laser 
(1064 nm wavelength with pulse widths ranging from 5 to 2000 ns, 
pulse energy ranging from 0.04 to 1.57 mJ, and a repetition rate ranging 
from 1 Hz to 4160 kHz) to precisely create and capture the laser foot
print at different locations. The goal of this experiment was to show the 
variations in the laser interaction cross-section on different locations of 
the build plate (aluminum plate 25 ×25 cm2) and how it changes the 
corresponding energy densities. For better clarity of the footprints, 
instead of using powder, we used an aluminum sheet for this experi
ment. A grid of 20 × 20 cm2 uniformly dispersed spots was designed to 
test the entire workspace of the build plate. In this experiment, a single 
laser pulse with a power of 91 W and a pulse duration of 2020 ns was 
used to generate the laser interaction cross-section footprints. 

2.2. LB-PBF experiment 

The second experiment was designed to investigate the effects of the 
laser incidence angle on parts manufactured by LB-PBF technology. 
Fig. 1 shows the schematics of the build layout printed in a Renishaw 
AM250, an LB-PBF machine, with argon as the shielding gas. Table 1 
shows process parameters which is used to manufacture AlSi10Mg parts. 
To better observe the melt pool, the layer rotation was turned off during 
the print – i.e., laser passes are parallel to each other. Argon-atomized 
AlSi10Mg powder with an initial particle size distribution (PSD) of 
15–45 µm from Carpenter Additive was used to manufacture these test 
parts. The powder chemical composition reported by the manufacturer 
is provided in Table 2. The geometrical analysis, roughness, and porosity 
levels were studied using a KEYENCE VHX-6000 digital microscope. It 
should also be mentioned that due to the scanner acceleration and 
deceleration at the beginning and end of the scanned line, typically 
machine manufacturers consider mitigation plans such as skywriting 
and homogenization to retreat these affected locations. In this study, to 
eliminate the contour effect, we removed the contour scan and focused 
our investigation on the inner portions away from the beginning and end 
of the tracks. This allowed us to purely focus on understanding the 
impact of laser incidence angle on melt pool geometry, roughness, and 
porosity of the parts. 

3. Basic principles (theory/calculation) 

A laser beam interaction with powder can be represented by power 
density, the time of irradiation, and the heat-affected zone size on the 
specimen. The average power density (Pd) is described as the ratio of the 
laser power (P) to the area of laser spot cross-section on the surface (AS), 
which is given by [40]: 

Fig. 1. Isometric (a) and top (b) views of the build layout used to fabricate the parts for studying the laser incidence angle and beam elongation effect. Illustration of 
the cutting plane and laser scanning direction on the specimen (c). 
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Power density (Pd) =
Laser power (P)

Area of laser spot (As)
(1) 

The time in which the laser beam exposes a particular point on the 
workpiece while the beam is moving at a constant speed is defined as the 
interaction time (ti). Considering a center of a circular beam with a 
diameter (d) that travels on the surface with speed (v), the interaction 
time can then be given by Eq. (2). This definition describes the 
maximum interaction time in the beam centerline. In reality, the inter
action time may diverge across the laser scan directions due to the 
variation in the beam circularity [41]. 

Interaction time (ti) =
Laser spot diameter (d)
Laser travel speed (v)

(2) 

For a laser beam with a constant interaction time and uniform in
tensity distribution (i.e., Gaussian in most cases) across the laser spot, 
the specific energy is given by Eq. (3) [41]: 

Energy density = Power density(Pd) × Interaction time (ti) (3) 

The laser incidence angle on the surface can result in an inconsistent 
beam profile and non-uniform beam shape during the manufacturing 
process. For example, changing the incidence angle from a normal 
incidence (i.e., 0◦) to 20◦ can cause the power density to drop by 6% due 
to the beam elongation, while laser power and travel speed are kept 
constant. This happens due to beam elongation, which changes the beam 
from a circular to an elliptical shape and increases the interaction cross- 
section area. Fig. 2 shows the geometrical variation of the beam shape at 
various incidence angles on the build plate. When the beam size or shape 
changes while the laser power and scan speed are kept constant, the 
power and energy densities on the specimen also change, potentially 
resulting in structural and mechanical changes. This paper investigates 

the effect of such location-dependent beam shape, area, and energy 
variations on the quality of specimens [40,41]. 

4. Experimental results 

4.1. Effect of laser incidence angle on the shape of the beam interaction 
cross-section on the build plate 

The interaction cross-section of the laser beam on the build plate 
depends on the incidence angle and hence the beam distance from the 
center of the build plate, as shown in Fig. 3. A larger distance from the 
center results in more elliptical laser footprints. The incidence angle (θ) 
can be calculated by Eq. (4). The smaller diameter of the elliptical shape 
is equal to the laser spot diameter, and depending on the location of the 
beam on the build plate, the larger diameter (dl) can be determined by 
Eq. (5). To experimentally verify such incidence angle-induced beam 
elongations footprints, we employed a pulsed nanosecond laser to pre
cisely capture the laser footprints on the surface using a single pulse 
without extended time heat impacts. In addition, because of the pulsed 
laser, the interaction time and hence energy density only depends on 
power density for a single pulse. Therefore, the decreasing energy 
density can solely be attributed to the elongation effect. If the laser 
power is optimized to create a melt in the center of the build plate, then 
as the beam travels farther from the center, the energy density decreases 
and cannot melt the workpiece as sufficient as the center. Therefore, the 
laser footprint is smaller than the calculated diameter. However, the 
elliptical ratio (i.e., the ratio of the major axis to the minor axis) gets 
bigger, and the elliptical shape can be distinguished more as the distance 
becomes larger, as shown in Fig. 3. 

Fig. 2. Effects of laser incidence angle: Diagram of the LB-PBF process showing the scanner operation and the possible laser incidence angles on the build plate (a). 
The incidence angle effect on the interaction cross-section on the surface (b). Schematic representation of the laser beam elongation on various locations of the build 
plate (c). 

Table 1 
Process parameters for AlSi10Mg parts.  

Power (W) Point Distance (µm) Exposure Time (µs) Speeda (m/s) Hatch Distance (µm) Layer Thickness (µm) Layer Rotation (◦) 

200 80 140 0.53 130 25 0  

a Speed =
Point Distance

(Exposure Time + 10)
(Provided by Renishaw) 

Table 2 
Chemical composition of the gas-atomized AlSi10Mg in weight percentage reported by the manufacturer.  

Element Al Mn O Pb Sn Si Mg Zn Ni Fe Ti Cu N 

%Weight balance  0.45  0.10  0.05  0.05 9–11 0.2–0.45  0.10  0.05  0.55  0.15  0.05  0.05  
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tan θ =
Distance from center

Minimum focal length
(4)  

dl =
Spotsize

Cosθ
(5)  

4.2. Effect of laser incidence angle on the melt pool geometry and 
structure of the printed parts 

The second set of experiments was designed to investigate the impact 
of the angle of incidence on the melt pool geometry and structure of the 
specimens manufactured by the LB-PBF process. These specimens were 
specially designed to study their internal melt pool sizes and geometries 
as well as the quality of the parts at each condition. Specimens with 
rectangular geometries (2 cm length × 1 cm width × 2 cm height) were 
positioned on different locations of the build plate with a radial distance 
of 50, 65, 100, and 130 mm from the center, as shown in Fig. 4a. These 
specimens were printed in a Renishaw AM250, an LB-PBF machine, in 
an argon environment and using the factory suggested process param
eters for AlSi10Mg (Table 1). This machine provides a laser beam 
diameter of 70 µm at the focal point on the surface of the build plate. To 
avoid melt pool distortion, the parts were fabricated without contours, 
and layers were printed with a constant scan strategy in each layer (i.e., 
no scan rotation from layer to layer). This allowed us to align the melt 
pools on each other for precise analysis and measurements. 

All the parts were cut perpendicular to the laser tracks, mounted, and 
polished for melt pool studies. The planar grinding included five steps 
using sandpapers with grits ranging from 320 (grain size of 46.3 µm) to 
4000 (grain size of 5 µm). Once the surface was ready, it was polished 
using colloidal silica of 0.05 µm. Once the mirror-like surface finish was 
achieved, surface images were taken using a Keyence VHX-6000 digital 
microscope with 100X magnification. 

Fig. 4b,c,d shows the melt pool structures of three specimens as 
highlighted on the build plate (i.e., at the center and radial distances of 
100 and 130 mm from the center). The part corresponding to the center 
shows a uniform pattern of laser tracks with the melted areas oriented in 
a vertical direction (Fig. 4b) since the beam is a circular Gaussian beam 
at the center represented by the circular black circle. When the distance 
from the center increases, the beam gets elongated at different angles 
depending on the location of the build plate, as represented by the red 
circles for each location. Hence, the melt pool patterns become distorted 
and elongated (see Fig. 4c, d). It should be noted that the laser tracks 
were not rotated in the layers, hence all layers were printed in parallel 
and on top of each other for better measurements and data analysis, as 
shown in Fig. 4b,c,d. 

The melt pool geometry of the parts was measured to understand 
how changes in the laser interaction cross-section area, shape, power 
density, and energy density affect the melt pool while interaction time is 
constant. The measurement was done based on the NASA MSFC-SPEC- 
3717 document [42] and literature [43–45]. The widths of the melt 

Fig. 3. Capturing the laser spot footprint at different locations on the build plate using a pulsed nanosecond laser. Optical images of the beam footprints were 
obtained from the labeled areas on the build plate (a). The corresponding aspect ratio along with the error bar of the elongated elliptical beams corresponding to the 
indicated location and incidence angle (b). 

Fig. 4. Parts locations on the build plate designed for investigating the effect of incidence angle and beam elongation on the melt pool geometry and size (a). Optical 
image of the melt pool structures printed at different parts of the build plate as highlighted, including the central part (incidence angle 0◦) (b), 100 mm away from the 
center (left) (incidence angle 14◦) (c), and 130 mm away from the center (top left corner) (incidence angle 18◦) (d). 
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pools were measured in three regions in the inner layers of the part, and 
their averages were calculated. Fig. 5a shows the inner layers and last 
layer widths of the printed parts at different incidence angles, indicating 
the same trend for both. The last layer melt pools are slightly wider, 
possibly because they have only melted once and are not affected by 
further layers. The last layers’ melt pool depth of the parts at each 
location were also measured, as shown in Fig. 6b. The melt pool depth 
decreases moving farther away from the center because of the 
decreasing energy and power densities while the interaction time is 
almost constant. It should be noted that the inner layer melt pool depth 
was not considered since the upper layers impact the lower layers in the 
process. The ratio of last layer width to depth is shown in Fig. 6c. As the 
distance from the center increases, the width/depth ratio also increases. 
The effect of the location or incidence angle on the width and depth of 
the melt pool is considered statistically significant, and the corre
sponding probability value (p-value) calculated by the one-way analysis 
of variance (ANOVA) is less than the set significance level (α = 0.05) 
[46,47]. 

Additionally, moving farther away from the center increased the 
surface roughness due to the loss of power density and hence weaker 
melting power. The top surface roughness of each specimen was 
measured using a Keyence VHX-1000 digital microscope. Fig. 6a shows 
the top surface map of a printed part. Four lines measurements (each 
line = 9.5 mm in length) were then taken from each surface map, and 
the arithmetic mean roughness values (Ra) were calculated for each line 
measurement. The average of mean values for the four lines were then 
calculated to obtain the final surface roughness. By analyzing the surface 
topographies, it was evident that the parts manufactured in the central 
location of the build plate had better surface quality than the parts 
located in the outer border of the platform (Fig. 6b). 

4.3. Effect of orientation on the melt pool geometry and energy density 

Table 3 shows the corresponding power and energy densities at 
different locations on the build plate. The specimen orientation can alter 
the energy density in the same location due to the change in the inter
action time. Thus, one can compensate for the laser incidence angle and 
beam elongation effect by changing the orientation of the specimen in 
order to adjust the beam shape-dependent interaction time. The results 
from Fig. 7 show that different depths of penetration can be reached 
depending on the laser scan direction and laser incidence angle. The 
change in beam diameter causes the variance due to laser elongation, 
affecting the interaction time and power density (see Table 3). For 
instance, the second case in Table 3 shows a condition where the elon
gation of the laser beam and the laser scan direction are in parallel. In 
this condition, with constant speed and laser power, the power density 
decreases, and interaction time increases simultaneously hence keeping 

the energy density almost unaffected. In the third case, the elongation of 
a laser beam and the laser scan direction are perpendicular. Conse
quently, the melt pool depth decreases due to a lower energy density 
since the power density decreases while the interaction time remains the 
same. 

In general, the outcome of using an elongated beam in a perpen
dicular (case 2) direction was a wider melt pool profile and not much 
change on the melt pool depth since the depth of the melt pool depends 
on the product of power density and the interaction time [44]. There
fore, in case 2, depth profiles similar to the center parts can be achieved 
as the energy densities in both cases are similar (Fig. 7). The extended 
interaction time due to the elongation can cancel the effect of the lower 
power density as a result of the increased area of the beam in the laser 
scan direction. Hence, similar energy densities result in similar pene
tration depths. Nevertheless, in the crosswise direction (case 3), the 
power density is decreased, but the interaction time remains constant 
with respect to the center specimen, resulting in reduced energy density 
and melt pool depths. However, the melt pool width increased in this 
case since it is mainly dependent on the laser beam diameter, which is 
elongated in the direction perpendicular to the scan direction. The 
concept of interaction time and power density could be used to develop a 
compensation algorithm to mitigate this effect which will be investi
gated in a future study. 

Fig. 8 shows the quantitative plots of power, energy density, and 
interaction time variations based on Eqs. (1)–(3). As shown in Fig. 8a, 
the laser power density decreases as a function of the laser incidence 
angle regardless of the elongation direction as it only varies by the 
change in the laser spot area for a given power. However, as shown in 
Fig. 8b and c, the interaction time and energy density significantly 
change for elongations that are parallel or perpendicular to the scan 
direction. The interaction time stays constant when the elongation and 
scan directions are perpendicular (Fig. 8b), while it increases for the 
parallel case. Similarly, Fig. 8c shows the energy density variations for 
parallel and perpendicular cases. Since the energy density is the product 
of laser power density and interaction time, the energy density drops by 
decreasing the power density in a perpendicular case with a constant 
interaction time. However, increasing the interaction time in the parallel 
case compensates for the power density loss and keeps the energy den
sity almost constant. 

4.4. Effect of energy density distribution on the quality of the parts 

To investigate the quality of parts in different locations and for 
different energy densities, 2D porosity distributions were imaged and 
analyzed at different cross-sectional areas (at least three distinct sec
tions) for each specimen. The defect density of the parts in the center of 
the build plate was the least since the process parameters are typically 

Fig. 5. Melt pool geometry versus distance from the center and incidence angle. The melt pool widths of inner layers and the last layer (a), melt pool depths of the 
last layer (b), and the ratio of last layer width to depth (c). 
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optimized around the center. If the power and energy densities decrease 
from the optimum process parameters, it is expected to enter the lack of 
fusion or keyhole regimes in the process. Figs. 9 and 10 show the optical 
images of the defects for parts printed at different locations of the build 
plate and their corresponding pore size distribution, respectively. 
Figs. 9a and 10a show the results from a specimen at the center of the 
build plate with the least amount of defects as expected. If the interac
tion time did not change by getting farther from the center (as described 
earlier), the decreased power and energy densities due to the beam 
elongation effect cause more lack of fusion defects and porosity in the 
specimen, as shown in Figs. 9b,c and 10b,c. Comparing Figs. 9a,d and 
10a,d, it can be observed that the energy densities are almost the same 
and hence providing similar porosity and defect levels. This is a prom
ising observation that shows the potential of compensating for the un
wanted beam elongation effects at different locations by controlling the 
specimen orientation. It is worth noting that since the used process 

parameters were the recommended parameters provided by the machine 
manufacturer (Renishaw), the energy density either reduces or stays the 
same as the beam moves away from the center. Thus, it is expected that 
most of the observed porosities are due to the lack of fusion. In addition, 
pores with irregular shapes in Fig. 9b and c seem to be lack of fusions, as 
reported in the literature [48,49]. 

The quantitative porosity values, plotted in Fig. 11, show energy 
density variation for different locations. As expected, this shows that the 
lower energy density can result in more porosity in the as-fabricated 
parts. This indicates that the energy density plays a considerable role 
in the formation of volumetric defects in the parts [50]. Designing 
process parameters that compensate for the changes in energy density 
will result in similar part quality and porosity levels at various locations. 
For instance, the specimens at the center (Fig. 9a) and 100 mm away 
(Fig. 9d) show almost the same porosity due to the energy density 
compensation effect. 

Fig. 6. Roughness results obtained by taking four line-profile measurements from of top surface of the samples (a). The mean values obtained from each sample (b) 
indicating a clear increase in the roughness as a function of distance from the center and laser incidence angle. 

Table 3 
Variation of power density, interaction time, and energy density depending on the laser incidence angle on the build plate for constant laser power and scan speed.  

Case 
number 

Distance from 
center (mm) 

Laser incidence 
angle (◦) 

Beam length in 
elongation dir. (µm) 

Beam length in 
scan dir. (µm) 

Spot area 
(µm2) 

Power density 
(kW/mm2) 

Interaction time 
(µs) 

Energy density 
(J/mm2) 

1  0  0  70.00  70.00  3846.50  51.99  132  6.86 
2  100  14  72.14  72.14  3964.09  50.45  136  6.84 
3  100  14  72.14  70.00  3964.09  50.45  132  6.65 
4  130  18  73.59  71.20  4043.77  49.40  134  6.61  

Fig. 7. Optical images of the microstructure with different orientation: central part (case 1) (a), 100 mm distance from the center (incidence angle 14◦) when 
elongation and travel directions are parallel (case 2) (b), 100 mm distance from the center (incidence angle 14◦) when elongation and laser scan direction are 
perpendicular (case 3) (c), and the melt pool depth of the last layer for both parallel (case 2) and perpendicular (case 3) cases (d). 
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5. Conclusion 

In this study, the influence of laser incidence angle on the laser 
interaction cross-section across the build plate and the resulting impact 
on the melt pool profile, geometrical variations, power and energy 
density, porosity, and quality of parts were investigated.  

1. It was found that the elongation of a laser beam indeed affected the 
resulting melt pool profile in the final parts. As the specimens were 
placed farther away from the center, the laser incidence angle 
increased from 0◦ at the center down to about 20◦ in the corners for 
the employed LB-PBF machine and build plate size in this study.  

2. The laser interaction cross-section was circular at the center, and it 
became more elliptical in shape depending on the angle of incidence 
close to borders. The beam elongation increased the area of the 
interaction cross-section by up to 6.7% and hence decreased power 
density up to 6%. Accordingly, the width of the melt pools became 
wider, and their depths depended on the scan direction in correlation 
to the elongated direction.  

3. For a constant interaction time, when elongation direction and scan 
direction were perpendicular, moving farther away from the center 
increased the spot area, and decreased the power and energy density, 
and hence decreased the depth of the melt pool. When the elongation 
and scan direction were parallel, the longer beam length increased 
the interaction time that compensated for energy loss due to the 

elongation. Therefore, the resulting melt pool exhibited a depth 
comparable to the circular beam at the center location.  

4. The lack of fusion defects and surface roughness were prominent for 
parts manufactured with elongated beams, especially if the elonga
tion direction was perpendicular to the scan direction. 

In summary, this study provides a fundamental understanding of the 
possible sources of variations in the AM parts from a laser-materials 
interaction perspective. This will allow the manufacturer to design 
strategies such as dynamic tuning of the laser power, scan speed, and 
direction to compensate for such variation and manufacture uniform 
parts across the build plate. 
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(incidence angle 18◦) (case 4) (c), and 100 mm (incidence angle 14◦) (case 2) (d). 
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