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ABSTRACT

High power lasers in excess of 1 kW generate enough Rayleigh scatter, even in the NIR, to be detected by
silicon based sensor arrays. A lens and camera system in an off-axis position can therefore be used as a noncontact diagnostic tool for high power lasers. Despite the simplicity of the concept, technical challenges have
been encountered in the development of an instrument referred to as BeamWatch. These technical challenges
include reducing background radiation, achieving high signal to noise ratio, reducing saturation events caused
by particulates crossing the beam, correcting images to achieve accurate beam width measurements, creating
algorithms for the removal of non-uniformities, and creating two simultaneous views of the beam from orthogonal
directions. Background radiation in the image was reduced by the proper positioning of the back plane and the
placement of absorbing materials on the internal surfaces of BeamWatch. Maximizing signal to noise ratio,
important to the real-time monitoring of focus position, was aided by increasing lens throughput. The number
of particulates crossing the beam path was reduced by creating a positive pressure inside BeamWatch. Image
correction was performed on each row using a line spread function deconvolution. Algorithms in the software
removed non-uniformities in the data prior to generating waist width, divergence, BPP, and M2 results. A dual
axis version of BeamWatch was developed by the use of mirrors. By its nature BeamWatch produced results
similar to scanning slit measurements. Scanning slit data was therefore taken and compared favorably with
BeamWatch results.
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1. INTRODUCTION
With the continued growth of the high power laser market, the demand for effective high power laser measurement
tools has increased. Though the needs of each segment of the high power laser market vary, we have sought to
develop a tool for many of them. Though high power lasers are useful for a wide variety of applications, welding
and cutting are two common uses which we have focused on during product development. The laser delivery
method determines the laser beam characteristics so the same laser source may be used for either welding or
cutting. For example, the characteristics of a fiber-delivered laser beam will be determined by both the fiber
core diameter and the optics used to focus the beam. Many configurations for delivering a laser beam exist and
so there are a wide range of laser beam characteristics. It has been our objective to develop the capability to
measure high power laser beam parameters such as those found on welding and cutting lasers. The parameters
we have sought to measure include M-squared, waist width, and divergence.
There are several reasons why measuring or monitoring beam characteristics is desirable. The discarding or
re-working of improperly welded or cut parts can be reduced through beam measurement. For instance, if it
is known that the waist diameter of a cutting or welding beam must fall within a certain range, then frequent
or continuous measurement of that parameter will be necessary to ensure sufficient quality in the cut or welded
part. Also, a determination of the thickness of metal which can be cut by a laser beam can be realized through
beam measurement. Thermalization time for delivery optics can also be determined by monitoring the beam
waist position so that cutting or welding begins when the laser has stabilized.
Methods for measuring high power laser beam parameters already exist. One such technique involves burning
an acrylic block with the laser beam and then observing the variations in the beam intensity profile which are
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manifest as variations in the depth of the hole burned into the acrylic. This technique is inexpensive but is
not real-time and generates unwanted fumes. Other techniques involve rotating pinholes or slits which quickly
pass through the beam to collect profiles of the beam. Translating a rotating pinhole in a single plane makes it
possible to build 2D profiles of the beam. Whereas 1D profiles measured with a slit cannot produce 2D beam
profiles. With scanning slits and pinholes a maximum laser power density cannot be exceeded without damaging
the pinhole or slit. This typically means that beams in excess of several kilowatts cannot be safely sampled.
Another method that can be employed for measuring high power beams is simply using a camera beam profiler.
However, camera beam profilers require significant attenuation which can overheat and crack under the stresses
caused by a high power laser beam. Though there exist several methods for measuring high power laser beams,
they each have limitations.
We have developed an instrument that takes advantage of the natural Rayleigh scatter from a laser beam.
Air molecules become point sources as they collectively scatter laser radiation in all directions. Even in the
NIR, a typical wavelength region for high power lasers, the radiation is observable with C-coated or SWIR
lenses and silicon CCD or CMOS sensor arrays. Essentially, the Rayleigh scatter makes the beam ”visible” to
the lens-camera system making it possible to view and measure the beam without touching the beam with any
hardware. What follows is a description of some of the challenges faced in the development of the instrument
we call BeamWatch.

2. REDUCING BACKGROUND RADIATION
Rayleigh scattering from molecules is a small effect given by
I = I0

8π 4 N α2
(1 + cos2 θ)
λ4 R2

(1)

where N is the number of scatterers, α is the polarizability of the scattering medium, R is the distance between
scatterer and observer, λ is the wavelength of the laser, θ is the angle between the incident light direction and the
position of the observer, I0 is the incident light intensity, and I is the intensity at the observers location. Of note
in equation 1 is the wavelength dependence of the intensity at the observer’s location. Because the dependence
is λ14 , near infrared wavelengths tend to be much less strongly scattered than visible or UV. This makes it more
difficult to detect a near infrared wavelength laser than a visible wavelength laser. Also, silicon CCD and CMOS
sensors have low quantum efficiency in the NIR making it difficult to observe the Rayleigh scatter of even high
power lasers near 1070 nm. Therefore, reducing or eliminating interfering background signals helps BeamWatch
to observe the Rayleigh scattered signal.
The lens-camera system that is ”looking” at the laser beam caustic is also looking at the internal back plane of
the black box shown in figure 1. Therefore, it was found that the more absorbing the back plane is at the desired
wavelength (in this case 1070 nm) the lower the background signal. The absorption of other internal surfaces
also had an impact on the background, but clearly the back plane that the camera-lens system is pointed at had
the greatest impact on the background signal. Several black materials were tested until we found satisfactory
absorption results from a black anodization coating for most of the internal surfaces. However the back plane
required a higher absorbing black adhesive foil. It was found that by reducing the background signal, the overall
illumination of the inside of the box is reduced which can aid in reducing internal surface illumination and
subsequently the potential for lens flare.

3. ACHIEVING HIGHER SIGNAL-TO-NOISE RATIO
Optimizing sensitivity of the camera at 1070 nm and increasing signal throughput of the lens at 1070 nm can
improve the signal-to-noise ratio of the measurements. We found CCD and CMOS cameras on the market with
varying levels of NIR quantum efficiency—all of them less than 1% . It was found that simply choosing the camera
with the highest NIR sensitivity may not result in the highest signal to noise ratio in the final measurement
because NIR sensitized cameras may produce more noise. This can be due to electrical noise in the camera or a
shifting baseline inherent to the sensor.

Figure 1. Image of a beamwatch unit.

For this application a lens assembly was required. To achieve the greatest throughput for the lens assembly
at 1070 nm an anti-reflective coating was applied to the lenses. Fewer lenses in the assembly will result in greater
throughput, but more lenses will represent a greater opportunity to achieve improved throughput once all the
lenses are AR coated. Increasing the throughput of the lens yields a stronger signal and therefore a higher SNR
as long as the noise sources aren’t primarily optical.
Adjusting camera parameters can make the signal more visible and may also increase the SNR. Increasing
camera gain makes the signal more visible, but it also increases the noise, making the signal to noise ratio
improvements very slight. Increasing the exposure time however has a more positive impact on the signal to
noise ratio. By increasing the exposure time the signal increases while most of the noise which is generated when
the sensor is read out does not significantly increase. Unfortunately when the exposure time is increased, the
time dependent laser changes such as focal shift are more difficult to observe. However, a focus shift can be
observed with high gain and low exposure. This may result in a lower signal to noise ratio and reduced confidence
in the beam width measurements, but allows for an accurate measure of the focal position.

4. REDUCING SATURATION EVENTS
Testing of early BeamWatch prototypes revealed a significant problem with airborne particulates. The scatter
from the particulates was much stronger than the Rayleigh scatter from the air molecules and often resulted in
saturation events in the image. As an example of particulates passing through the beam see figure 2
When particulates cross the beam and scatter laser light, the entire beam chamber, shown in figure 3, is more
illuminated. Reducing the number of particulates passing through the beam results in ”cleaner” measurements
and a reduction of the scattered light inside the beam chamber.
It was found that by supplying the chamber with a positive pressure of gas such as N2 , the particulate beam
crossings could be significantly reduced. Flow rate of the air could be adjusted until a minimum of particulates
was visible. We found 10 liters per minute to be approximately sufficient. See for example figure 4.

5. SOFTWARE REMOVAL OF SATURATION EVENTS
In our typical test configurations a power meter head capable of withstanding high powers was placed below the
BeamWatch unit as shown in figure 5 to measure laser power and also function as a beam dump. Because of
the placement of the power meter head, heat from the head could cause a rising air current which could lead
to a flow of particulates into the bottom of the beam chamber. Once the clean N2 air flow had been applied
as discussed in section 4, there could still be some particulates that crossed the beam. For these, software filter
algorithms have been written to identify the rows of data containing the particulate images and eliminate them
from consideration in the final calculations.
One filter algorithm considers the fact that theoretically the summed energy of any cross sectional plane
perpendicular to the direction of propagation of the beam should be the same as any other such plane. In the

Figure 2. Caustic image showing a high incidence of particles crossing the beam.

Figure 3. Cut away drawing of a BeamWatch unit showing the chamber through which the beam passes.

case of the image shown in 4 the summed total number of counts for any row should be equivalent to the summed
total number of counts for any other row. Because particulates scatter more strongly than the air molecules, the
summed total number of counts will be higher on rows containing the signal from particulates in the laser beam.
The width of the beam is measured at each row. Another filter looks for significant deviations between width
measurements of any row and its neighbors. In this way other artifacts potentially attributable to particulates
may be eliminated.

Figure 4. Caustic image showing a low incidence of particles crossing the beam.

Figure 5. Typical arrangement showing the power meter head functioning as a beam dump.

6. IMAGE CORRECTION
Because this imaging system by necessity includes a lens assembly, there is some amount of spreading in the
image. Therefore, to obtain a more accurate measurement, we made an effort to correct for the spreading in
the image via an image correction technique. One consideration that constrained our efforts was the desire for
an algorithm which was not computationally expensive. What resulted is data that is similar to scanning slit
measurement results. Where previously the measured widths had been overly large, they were now closer to
expected values.

7. DUAL AXIS DEVELOPMENT
In most of the systems we were considering, the laser beam could reasonably be expected to be azimuthally
symmetric. However, if the beam were elliptical as a result of the delivery optics or some other reason, a view
of the beam from one off-axis location would not inform the user of it. We found that multiple views of the
beam could be made by use of a system of mirrors. Two views of the beam at right angles to one another aid
in the determination of the presence of ellipticity in the beam. Though there is some non-specular scattering of
light from mirrors, it was found that placing highly reflective optics into the beam chamber did not significantly
increase the background signal. However if the illumination in the chamber were increased for some other reason,
the mirror edges could become very bright if they were in the field of view of the camera.
It was found that an added benefit to the addition of a second view of the beam is in the alignment of
the laser beam with the BeamWatch. Misalignment is apparent when the beam is not centered in the input
aperture because in one or both views generated by the dual-axis BeamWatch, the beam will not be centered.
An alignment tool was built during the development process to align a guide laser beam with the beamwatch
aperture, but it was found that if the delivery head is too close to the beamwatch unit it would be difficult to
insert and then remove an alignment tool. With the dual axis unit, the alignment tool is not needed.

8. FUTURE DEVELOPMENT AND CONCLUSIONS
Even though two off-axis views of the beam can be generated with the BeamWatch, it is not sufficient to create
an accurate and detailed 2D profile. Future work may need to include a way to take more off-axis views which
could be used to generate a 2D profile in a manner similar to computed tomography.
It is hoped that we can make beamwatch more accommodating for a larger variety of high power lasers and
laser systems. Many delivery heads for high power lasers which are used for cutting have nozzles which extend
almost to the focus of the beam. Because the distance from the top surface of the BeamWatch unit to the center
of the field of view of the camera is approximately 40 mm, the nozzle of such a laser would have to be removed
to be measured by BeamWatch. Therefore further development is required to more fully accommodate these
systems.
Improvement in our understanding of the scattered light inside of the beam chamber could be very important as we move forward. Improvements to light baffling may be required to reduce background levels in the
BeamWatch units where it is required that some part of the delivery head must be placed below the top surface
of the BeamWatch unit.
Also, though the BeamWatch could produce a relative power measurement from the data it is already taking,
an absolute power measurement may be of more value. Development of a paired instrument which included
BeamWatch and a power meter may answer many needs in the industry by providing an absolute power measurement and a beam dump during the BeamWatch measurement.
Improvements can be made in other areas as well. However in the meantime, a functional tool for measuring
high power lasers has been developed which requires no contact with the beam. At present, the highest power
laser measured with BeamWatch was 100kW.

