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High-Speed Imaging of a Laser Ablation Process
Using Parallel Phase-Shifting Interferometry
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Laser-ablated plumes were characterized using a high-speed, parallel, phase-shifting interferometry
to clarify influence of an expanding plume on a subsequent pulse irradiation at a high-repetition rate
process. After the pulsed-laser irradiation on the surface of the work piece, the ablated material rapidly
expands from the processing point. The main issue in this paper is the influence of the ejected material
on the subsequent pulse incidence. To evaluate the influence of the material ejected from the work
piece in an ultrashort pulse laser process, we successfully visualized the shape and characteristics of
the material using a high-speed, parallel, phase-shifting interferometry. They offer a large amount of
information than that in self-emission images only and could provide quantitative values, such as
spatial distributions of the ejected material. Through these measurements, the effect of the ejected

material on the processing result was confirmed
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1. Introduction

Ultrashort pulse laser processing achieves high precision
and high efficiency with short pulses from the range of pico-
seconds to femtoseconds based on recent technical develop-
ment [1-3]. Thus, this technology permits many materials
processing [4-6]. However, the efficiency of its process still
needs improvement to be established on an industrial manu-
facturing scale. To establish a broad industrial application,
the laser ablation process should be analyzed.

After the pulsed-laser irradiation on the surface of a
work piece, the ablated material changes into plasma, vapor,
and droplet and rapidly expands (i.e., plume) from the pro-
cessing point [7], as shown in Fig. 1. Thereafter, the subse-
quent laser is irradiated at intervals of approximately several
tens of microseconds, and then the plume blows out from the
processing point. This phenomenon repeats during pro-
cessing. At this time, if the laser is irradiated while the
ejected material remains around the processing point, then
the laser is absorbed and scattered by the plume. Hence, the
laser energy input to the work weakens, and the processing
precision and efficiency may be adversely affected [8]. Re-
ducing the pulse interval is one of the important techniques
to improve efficiency [9-10]. However, the repetition rate
and efficiency are not proportional [11-14]. Thus, clarifying
the relationship between the behavior of the plume and the
laser is also crucial.

A number of studies have attempted to visualize the
shape and characteristics of the ejected materials using var-
ious detection methods with limited success. Thus far, the
shadow graph [15], Schlieren [16], and Fourier fringe anal-
ysis [17] methods have been proposed and verified. How-
ever, the shadow graph and Schlieren methods are difficult
to measure quantitatively, and the Fourier fringe analysis
method has a spatial resolution limit. Meanwhile, phase-
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shifting interferometry is used as a high-resolution interfer-
ometry, but this method cannot measure a rapid phenomenon.
Until now, the plume could not be measured quantitatively
[18-20].

In this study, to assess the influence of the plume during
an ultrashort pulse laser process, a quantitative evaluation of
the plumes using the parallel phase-shifting interferometry
with a high-speed polarization camera is conducted [21].
The high-speed polarization camera can detect the high-
speed fluctuation of a phase difference of the reference light
and light that directly travels through the test region [22].
This study aims to establish a method that can measure the
plume’s refractive index and absorptivity with a spatial res-
olution of 5 pm.

In this study, to quantitatively evaluate the ultrashort
pulse lase processing, we will clarify the feasibility and is-
sues of the parallel phase-shifting interferometry as a
method used for visualizing the plumes. Moreover, we ana-
lyze the results obtained by using this method, and the effect
of the plume to the processing result is confirmed.
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Fig. 1 Schematic of the ultrashort pulse laser processing.
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2. Measurement system

Phase-shifting interferometry is one of the methods used
to obtain the refractive index [23]. In conventional phase-
shifting interferometry, the reflection mirror is moved to
change the phase of the reference light, as shown in Fig. 2
[24]. Therefore, capturing the phase-shifted images is time
consuming, and measuring a rapid phenomenon is not pos-
sible.
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Fig. 2 Schematic of the phase-shifting interferometry.

To measure a rapid phenomenon, a single-shot acquisi-
tion of multiple phase-shifted images has been extensively
investigated [25-32]. The technique that uses an array of
phase-shifting elements was first reported by Horwitz et al.
[31,32]. Millard et al. developed a polarization camera and
then applied it to phase-shifting interferometry [25,26]. Ishi-
kawa et al. applied the sound-field imaging generated by ul-
trasonic transducers driven by a pure tone of 40 kHz [33].

Figure 3 schematically illustrates the optical configura-
tion suitable for this study. The system is based on the polar-
ization interferometer.

Herein, we explain the principle of the parallel phase-
shifting interferometry. The Jones vectors of the reference
light and the probe light are defined by
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respectively. The reference light and probe light are horizon-
tal and vertical linearly polarized light, respectively. After
passing through the quarter-wave plate whose optic axis has
45° inclination, the reference and probe beams change to
clockwise and counterclockwise circularly polarized light,
respectively, and those Jones vectors are expressed as fol-
lows:
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The phase differences of the horizontal and vertical compo-
nents of the two light waves are 3w/2 and n/2, respectively.
When the base of the Jones vectors is rotated at 45°, they are
converted as
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respectively. Notably, the phase differences of the linearly
polarized components at +45° between the reference light
and probe light are 7 and 0, respectively.

The polarization camera is necessary to capture images
with different phase shifts for each polarization direction
simultaneously. Figure 4 shows the schematic of the polari-
zation camera. The camera has the phase-shifting array de-
vice in front of an image sensor, which consists of four types
of phase-shifting elements whose azimuths are 0, n/2, w, and
3m/2, respectively [26]. The recorded image includes four
phase-shifted images, namely, /(0), I(n/2), I(n), and I(31/2),
where /() is the intensity of the interference fringe with
phase retardation angle, 0. The phase difference of the refer-
ence light and light that travels through the test region can
be reconstructed using the following equation:

1(3n/2) — (/2

¢s - ¢r tan_1< ( [(/0))_ I(ST)/ )> (7)

Using this equation, the phase shift can be measured sim-
ultaneously.
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Fig. 3 Schematic of the measurement system
based on the polarization interferometer.
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Fig. 4 Schematic of the polarization camera.
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3. Experimental setup

Figure 5 shows the experimental setup. The experi-
mental setup consists of a measurement system based on
phase-shifting interferometry denoted by light color and the
ultrashort laser processing system represented by dark color.

In the measurement system, the linearly polarized light
emitted from the oscillator enters the polarized beam splitter
that divides the incident light into two orthogonally polar-
ized light beams. One light that travels through the test re-
gion and the other one that detours because of mirrors enter
the polarized beam splitter. The combined two types of light
change these polarization states to clockwise and counter-
clockwise, respectively, by the quarter-wave plate. The two
lights are captured by a high-speed polarization camera.

The laser with a wavelength of 532 nm is used in our
instruments. A high-speed polarization camera, CRISTA
made by Photron Ltd., is utilized. The maximum number of
pixels of the camera is 1024 x 1024, which achieves the high
spatial resolution of 2 um with optical lens. To capture the
rapid change in the behavior of the laser processing during
several tens of microseconds from the irradiation of the pro-
cessing laser to the subsequent laser irradiation and deter-
mine the limitation of the frame rate, the image was set and
captured with the irradiation signal of the processing laser
oscillator as the trigger. The imaging timing is changed for
each irradiation experiment under the same conditions, and
capturing corresponding to the time change is performed.
The delay time ranges from 5 to 25 ps, and a camera expo-
sure time of 1 us has been used.

In the ultrashort laser processing system, the processing
laser with a wavelength of 1030 nm and pulse duration of 10
ps is used. The pulse energy with 180 pJ per 1 pulse is con-
densed onto a metal work at an interval of 20 ps. In addition,
a self-luminous image is employed to compare with the con-
ventional method.
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HPC: high-speed polarization camera

Fig. 5 Experimental setup.
The measurement system is indicated by light color, whereas
the ultrashort laser processing system is denoted by dark color.
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4. Experimental results on the flat surface

Figure 6 shows the experimental results of the basic
evaluation on the flat plate. The upper part of the figure is
the self-emission image, and the lower part is the phase shift
image.

Immediately after the first laser irradiation, the image of
the phase shift image is obtained in a wider range than the
self-emission image. The red center shows the large phase
change, whereas the blue edge shows the small phase change
in the phase shift image. Figure 7 shows the central part of
plume’s distribution of the phase shift. The cross-sectional
shape of the plume is evident in the figure. In the phase shift
image in Fig. 6, the plume noticeably spreads even after 5 us
when self-emission is weak and difficult to observe.

Considering that the phase shift image is clearly ob-
served, the ejection velocity of the plume can be determined
quantitatively. The velocity of the plume is determined to be
77.5 m/s by the image from immediately after the laser irra-
diation to 15 ps.

Based on the comparison between the first and second
laser irradiation, when the latter is irradiated after 20 ps, the
self-emission image shows stronger emission at a position
farther from the work than the irradiation area at the former
laser irradiation. As shown in the phase shift image in Fig. 6,
the irradiation of the second laser can be confirmed while
the influence of the first laser’s plume remains in front of the
processing point. Thus, the reason of the phenomenon
wherein self-emission becomes strong at the second laser ir-
radiation is that the low-temperature plume remains in front
of the work peace and the plume temperature increases in
the subsequent laser.

The refractive index of the plume is calculated on the
basis of the phase shift information. Figure 7 shows the dis-
tribution of the phase shift immediately after the laser irra-
diation.

From the phase contrast to the refractive index,

h-2 ’ )
2r-d

where ny is the refractive index under static conditions; /# and
d are the phase contrast value and width of the phase contrast
image, respectively; and 4 is the wavelength of the probe
light. Using these formulas, the refractive index is deter-
mined to be 1.00044!.

In summary, capturing effects that are difficult to be ob-
served in the self-emission image and quantitatively obtain-
ing the refractive index are possible.

n=ng+

5. Experimental results on the groove

In the processing of products, such as grooves, the pro-
cessing point becomes narrow as the processing progresses.
Therefore, evaluating the behavior of the plume that ejects
into a narrow space and the influence on the processing are
important tasks. We attempted to visualize and quantita-
tively evaluate the plume during the groove shape pro-
cessing, in which the shape is simulated on the basis of an
actual product.

The groove shape has a width of 0.5 mm at the inlet side
and the groove wall is 10° . The laser beam is irradiated 50
pm inward from the end of the groove at a focal spot diam-
eter of 30 um and the focal position at the work piece surface.
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Fig. 7 Plume’s distribution of the phase shift.

The condition of the laser is the same as the plate processing,
and the second laser is irradiated after 20 ps.

The shapes of the ejected material during the first and
second laser beam irradiation are compared in the flat plate
and groove processing.

Figure 8 shows the experimental results. As observed in
the phase contrast image at the groove processing, the
ejected material is generated in the direction perpendicular
to the wall. Hence, the plume is considered to generate a per-
pendicular force to the work surface when the material is ab-
lated.

In addition, compared with the flat plate processing, the
plume shows a wide range and the phase shift is only mini-
mal during groove processing. The possible reason is that
the energy density is reduced by the laser beam, being
obliquely incident on the groove wall.

When the second laser is irradiated, the plume is con-
firmed to be in contact with the surface that faces the laser
irradiation surface during groove processing. Moreover, the
phase shift of the plume during groove processing is larger
than that of flat plate processing. Figure 9 shows the evalu-
ation results of the plume’s refractive index during flat plate
processing and groove processing. The x axis is the direction
of spouting. The plume in the case of the flat plate pro-
cessing advances to 1500 pm, whereas the plume in the
groove processing advances to 580 um and is in contact with
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Fig. 6 Experimental result of the basic evaluation on a flat plate.
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Fig. 8 Experimental results of groove processing.
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Fig. 9 Evaluation results of the ejected material’s refrac-
tive index during flat plate processing and groove pro-
cessing.
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the surface facing the laser irradiation surface. Thus, the in-
creased amount of the refractive index is confirmed to be up
to 1.8 times larger during groove processing than during flat
plate processing.

Finally, we evaluated flat plate processing and groove
processing to verify the effect of plume on processing. Fig-
ure 10 depicts the processing comparison results. In the ex-
perimental results, the average and maximum-minimum ab-
lation rates obtained after processing is conducted 30 times
are denoted in the form a range. The grooving processing
results denoted a decrease in ablation rate and an increase in
variation when compared with those denoted by the flat plate
processing results. The laser beam refracts and scatters
around the processing point because of the change in the re-
fractive index of the processing material and the changes in
energy density. In addition, the plume’s shape and refractive
index exhibit variations because it ejects for each pulse and
interacts with each other, resulting in the large variation of
the ablation rate. As shown in reference 5 of Bauerle et al.,
it is known that processing efficiency has various influenc-
ing factors. Based on the above results, it was clarified that
the plume was one of the main factors that reduce the abla-
tion rate.

In summary, quantitatively measuring the plume even
for complex shapes close to the actual product shapes, such
as groove shape, is possible. Moreover, the plume expands
perpendicularly to the machining surface regardless of the
irradiation direction. In the case of groove processing, the
refractive index increase of the plume is up to 1.8 times the
open space, and the plume stagnated in a narrow space. By
comparing the ablation rates, it was observed that the abla-
tion rate was lower and that the variation was larger in
groove processing. The high refractive index suggests its re-
markable influence on the processing.
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Fig. 10 Evaluation results of ablation rate comparison
with and without an opposing wall surface

6. Conclusion

To clarify the influence of the expanding plume on the
subsequent pulse irradiation in a high-repetition rate process,
we developed a measurement system that can quantitatively
measure the refractive index of the plume. Based on the
quantitative evaluation of the behavior and the refractive
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index of the plume, the plume erupted in the direction per-
pendicular to the processing surface. Moreover, the ejection
rate was 77.5 m/s in this experiment. The plume was retained
after 20 ps and considered to have an effect on the subse-
quent laser irradiation. When the laser was irradiated to a
complex narrow space, such as groove shape, the plume had
a higher refractive index than in an open space. Based on the
experimental result, the refractive index increased by 1.8
times. From these measurements, the effect of the plume on
the processing result was confirmed.
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