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caused by hole drilling near an edge. They followed hole
depth over many millimeters, but this approach is geometri-



view �FOV� and care must be taken to ensure that all reflect-
ing interfaces are located on only side of the zero delay.

To create an image, many spectral interferograms are
acquired serially by the spectrometer, processed into A-lines,
and then displayed as a three dimensional data set of reflec-
tivity versus depth versus A-line number. In biological imag-
ing, the A-line number corresponds to the transverse position
as the imaging beam is raster scanned. This produces an
image of reflectivity as a function of two spatial dimensions
known as a B-mode image �B=brightness�. Alternatively, if
the beam is static, the A-line number corresponds to time and
the resulting image is called an M-mode image �M
=motion�. This type of image is useful for observing fast
changes in the depth-reflectivity profile of the sample. For
example, coaxial imaging during the percussion drilling of
304 stainless steel with a 1070 nm center wavelength, 100 ns
duration fiber laser �IPG YLP-1/100/30/30-HC� gives the
M-mode image in Fig. 1. The machining front �bright white
curve� is seen descending �600 �m into the bulk of the
sample. The complete etch depth versus pulse number rela-
tionship is obtained from drilling a single hole and requires
no postcut material processing.

With acquisition rates of even a few tens of kilohertz,
M-mode images are not only able to directly measure etch
rates13,14 but also melt pool flow11 and other dynamics of
laser drilling processes.15 Since sensing below the machining
front is possible, M-mode data can also be used to guide
blind hole cutting in a variety of semitransparent materials
including biological tissue16 even when the exact sample ge-
ometry is not known a priori.

III. SYSTEM DESIGN

We have designed a low cost ��$10 000� coherent im-
aging system with an imaging rate of 27 kHz that is suitable
for use in industrial laser materials processing applications.
A deep FOV is emphasized over very high resolution to tol-
erate sample variability and alignment imprecision. Further-
more, a deep FOV allows more material removal before a

mechanical adjustment is necessary. It is expected that a
FOV of several millimeters will exceed the useful depth of
focus of most laser microprocessing systems and therefore be
adequate for these applications.

The proposed system is comprised of a fiber-coupled
superluminescent diode �SLD�, a custom spectrometer, and a
fiber optic Michelson interferometer that can be interfaced to



out considering volume part discounts, this design is a fifth
of the cost of comparable20 biologically oriented SD-OCT
systems while providing twice the FOV and similar acquisi-
tion rates �27 kHz versus 29 kHz�, and sensitivity �97 dB
estimated versus 91 dB�.20 In multiple �up to 100� unit pro-
duction, bulk component discounts and direct buying could
result in a further 15–20% cost reduction.

A complete system would also require custom interfac-
ing with machining heads for specific applications. This can
generally be accomplished by modifying a camera port and
choosing the correct dichroic optic �not included in cost es-
timate due to high variability between applications� to com-
bine the imaging and machining light. Additionally, an ap-
propriate focused beam diameter for the imaging beam needs
to be chosen. We expect that the imaging and machining
light will be focused by the same objective �though this is
not necessary� whose focal length is predetermined by exist-
ing machining process demands. Here, the choice of the
sample arm collimator can be used to give the desired focal
characteristics for imaging. Collimator alignment can also be
used to compensate for focal length variation of the objective
between imaging and machining light.

As an example application, we consider a machining la-
ser head with a 100 mm focusing lens. To maintain uniform
imaging over the depth of field, the collimator’s focal length
should be chosen so that the focused imaging beam’s Ray-
leigh range is approximately half the system’s depth of field.
For the setup described above, we choose a 10 mm collimat-
ing lens and hence, expect a beam waist of 27 �m �1 /e2

intensity radius� and a Rayleigh range of 2.8 mm. Note that
to achieve maximum axial resolution without additional
computing load requires proper compensation of dispersion
mismatch between the sample and reference arms.

The design is flexible and can be modified to improve
the imaging rate �with an upgraded camera�



depths within the FOV to form an image. By contrast, an
anticipated role for feedback systems will be to trigger a
change in the machining system �e.g., terminate emission�
once a certain depth has been reached. In this case, calculat-
ing the reflectivity from all the depths is excessive. Instead,
we demonstrate a simple and efficient software method for
determining when drilling has penetrated a prescribed depth.

Starting with a desired depth, z, and using Eq. �1� with



pressed in terms of 103 lines per second �klps� and the rela-
tive speed increase factor obtained by using the homodyne
filter.

For very small and very large block sizes, the FFT
method is very slow. This is a result of limitations specific to
the hardware and software environment and not the compu-
tational complexity of the code. As a result, the best theoret-
ical comparison between the two methods is the midsize
blocks. Here, even when the FFT produces its best results,
the homodyne filter still outperforms it by two orders of
magnitude. The primary reason for the difference in speed is
that the homodyne filter avoids the interpolation step and
calculates only the useful subset of the information that is
obtained by the FFT.

While the line period limits the raw throughput rate, it is
only a minimum value for the total feedback latency. Inter-
rupt latency and other delays inherent to desktop hardware
and operating systems are additive and may ultimately be the
dominant terms. For this reason, we anticipate that the full
capabilities of ICI-based feedback will not be realized with-
out the use of dedicated processing hardware in the form of
field programmable gate arrays �FPGAs� or application-
specific integrated circuits. These components already exist
in many modern cameras, including the one specified here.
The ease of implementation of the homodyne filter algorithm
described here onboard a camera would circumvent the desk-
top PC bottleneck and allow the camera itself to discipline
the machining system.

V. CONCLUSION

ICI has the potential to provide real-time feedback con-
trol to industrial laser processes. However, the cost of equip-
ment and computational overhead impedes widespread adop-
tion. We have proposed a low cost ICI system that is suitable
for integration into existing industrial processes. Addition-
ally, we have proposed and tested an algorithm that is suit-
able for feedback control applications and increases process-
ing rates by two orders of magnitude. The benefits and costs
of the technology are anticipated to improve with the future
use of dedicated hardware and FPGAs.
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