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|| Laser welding a pipe while simultaneously

measuring the laser’s power by its force.

A novel optical laser-power
measurement technique offers
high accuracy in real time

at could be more fun than
welding with a laser? The
idea of a beam of invisible

(infrared) light powerful enough to
melt metals such as steel and alu-
minum is not only intriguing but very
practical. Laser beam welding takes
advantage of the unique delivery
mechanism of laser light in order to
provide high energy density, deep pen-
etration, minimal heat-affected zone,
and the ability to weld at a distance
from the workpiece. However, laser
beam welding also brings with it new
challenges in terms of characterizing
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the operating parameters. The most
fundamental of these is the optical
power delivered by the laser. Current-
ly, there are two basic approaches to
measure the laser power delivered to
the welding work surface, but both
have limitations. It comes down to a
tradeoff: either the laser’s power can
be measured accurately but not during
the weld process, or it can be meas-
ured in “real time” while welding is
taking place, but with greatly reduced
accuracy. The benefit of both accurate
and real-time power measurement
would be a great improvement in

BY PAUL WILLIAMS, JEFFREY
SOWARDS, AND BRIAN SIMONDS

laser-welding quality monitoring, es-
pecially when precise power delivery is
required for critical welding applica-
tions such as aerospace manufactur-
ing. In response to this need, the Na-
tional Institute of Standards and Tech-
nology is developing a new way to
measure laser power that allows both
accurate and real-time measurements
of laser welding power.

Traditionally, accurate measure-
ment of high laser powers involves
measuring how much heat is delivered.
Typically for this purpose, a “thermal”
power meter is used. In principle, the



defocused laser beam is directed onto
the surface of the thermal power me-
ter, which is coated by a substance
that is highly efficient at absorbing
light at the wavelength of the laser
beam. The meter then operates by ab-
sorbing all the laser light and measur-
ing the resulting temperature in-
crease. This means the laser power is
being used in the measurement and is
not available for the welding process.
We are approaching the measurement
of high laser powers in a different way.
Instead of absorbing all the laser light,
we prefer to reflect as much as possi-
ble from a mirror. And, rather than
measuring heat, we measure the very
small force of the light as it pushes on
the mirror. It may be surprising that
light itself can push on anything, but
as will be explained, this idea of “radi-
ation pressure” has been proven re-
peatedly, and is used in other scientif-
ic fields. The idea of measuring high-
power lasers without appreciable heat-
ing then opens several inviting possi-
bilities. With a radiation pressure
power meter, the laser power could
potentially be measured to within
1-2% accuracy during the welding op-
eration and would allow for quality
monitoring and could simplify the set-
up process for a weld.

We have done preliminary testing
of this idea by welding with an ytter-
bium fiber laser at up to 5 kW optical
power while simultaneously and accu-
rately measuring the laser’s output
power using a prototype radiation
pressure power meter. To our knowl-
edge, this is the first such measure-
ment of its kind.

Exploiting the Force of
Light to Measure Laser
Welding Power

Since the 1700s, scientists have
predicted that light has a momentum
associated with it. This means that
like any other travelling object, when
light hits something, it pushes on it,
but it was not until the early 20th cen-
tury that this tiny push was actually
measured. Of course, the push (or
force) is very small. As a simple analo-
gy, picture a tennis ball thrown toward
anonmoving racket — Fig. 1. The ball
will bounce away, while the racket is
pushed in the opposite direction. The
force experienced by the racket will be
in proportion to the mass of the ten-

Force
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Fig. 1— Just as a tennis ball bouncing off a racket pushes the racket back, light also
pushes with a measurable force when it reflects off a mirror.
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Fig. 2 — Diagram (overhead view) of radiation pressure power meter (RPM) in place
for laser welding of stainless steel pipe.
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nis ball and how fast it is moving. In
the same way, when light reflects from
a mirror, the mirror is pushed. Since
all light travels at the same speed
(about 299,792 km per second), the
force felt by the mirror will depend
only on the number and energy of the
photons (light particles) hitting it in a
given amount of time. (Think of bil-
lions of trillions of infinitesimally
small tennis balls hitting the mirror
every second). It turns out the force
on the mirror is conveniently propor-
tional to the optical power of the laser
light that is being reflected. While this
effect may seem insignificant, there
are several familiar examples of radia-
tion pressure. For instance, the tail of
a comet points away from the sun in
part due to the radiation pressure
from the sun pushing on the gas

and ice that make up the tail; space-
craft on long missions must correct for
the force of sunlight in order to arrive
at their target; and microscopic objects
are manipulated by the force of light
in a technique known as “optical
tweezing.”

With increasing numbers of high-
power lasers (1 kW and above) being
used in laser welding operations, and
the availability of scale technologies
that can accurately measure changes
in mass as small as 1-10 ug, radiation
pressure can be easily measured.
Practically, we have found that for
multikilowatt lasers, their force on a
mirror can be measured simply with a
commercial scale.

Putting Theory Into
Practice

We use a prototype device that we
call a “radiation pressure power meter”
(RPM) based on a commercially avail-
able mass-measuring scale and a high-
quality (Distributed Bragg Reflector)
mirror that reflects more than 99.9%
of the incident laser light. The scale
has a unique design that allows it to
operate sideways (that is, unlike con-
ventional scales that measure a force
in the downward direction, this scale
can measure a push in the horizontal
direction). The scale can sense a
change in mass as small as 10 pg. By
reflecting the welding laser light from
a mirror that is attached to the scale,
we can measure the force imparted by
the light without absorbing the light
(less than 0.1% is absorbed). By
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Fig. 3 — Radiation pressure power meter (RPM) in welding workstation. The focused
laser light exits the cover glass (false-colored red beam) and is focused onto the

workpiece (pipe).

recording the light force (radiation
pressure), we measure the optical
power of a laser beam. For perspective,
10 W of laser light causes a force of
66.7 nN (nanoNewtons), which is
roughly the weight of an eyelash, 1 kW
of light pushes with 6.67 uN (about
the weight of a grain of sand), and
100 kW generates a force equal to the
weight of about two staples (667 uN).
The prototype radiation pressure
power meter was added to our welding
workstation as shown schematically
(an overhead view) in Fig. 2 and with a
photograph of its implementation in
Fig. 3. Because our current prototype
was designed for a horizontally travel-
ling laser beam, we modified the weld-

ing setup by removing the light deliv-
ery (“process”) fiber from the vertical-
ly positioned weld head and used an
optical collimator to establish a colli-
mated laser beam (all of the light trav-
elling in an essentially parallel direc-
tion). This beam was reflected from
the sensing mirror in our RPM and
then was focused by a lens onto the
workpiece.

Of course, accurate scales are noto-
rious for their difficulty in operating
in a vibrating environment, in the
presence of air currents, or if their
temperature is changing significantly.
Inside a laser welding workstation, all
three of these can be a problem. The
scale was mounted to the inner floor
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Fig. 4 — Macroscopic cross-sections of laser welds made on Type 304L stainless steel pipe during radiation pressure experi-
ments. Real time, RPM-measured laser welding power (kW) and linear heat input HI (kJ/mm) are shown for each weld.

(a granite slab) of the welding work-
station so it did not move with the
translation stage on which the work-
piece was mounted. The scale was pro-
tected by an aluminum housing (Fig.
2) with an anodized aluminum tube
containing the focusing lens and a dis-
posable cover glass to protect the lens
from damage by weld splatter. Finally,
the workpiece was placed at the focus
of the laser light, ~300 mm from the
lens. Nitrogen shielding gas was deliv-
ered from a nozzle placed approxi-
mately 2 cm from the workpiece. We
found that heat from the weld pool
and plume affected the scale’s meas-
urement, so a foil heat shield was
placed between the weld location and
the scale housing with a hole for the
light to pass through. Of course, this
setup is not typical for laser welding
operations, but it allows us to test

the performance of our prototype
RPM. Further developments will be
needed to miniaturize it to reside in
the laser weld head itself and to im-
plement noise rejection techniques
allowing operation in a high-vibration
environment.

Demonstration of
Real-Time Radiation
Pressure Technique

To demonstrate real-time laser-
power measurement during the weld-
ing process, we performed several cir-
cumferential welds on a Type 304L
stainless steel pipe of 89.5 mm outer
diameter and a wall thickness of
5.6 mm. Nitrogen shielding gas was
used to provide an inert environment
and the beam was focused to a spot
size of ~0.6 mm diameter at the work-
piece. Travel speed (pipe rotational

speed) was increased with increasing
laser power to maintain good weld
quality based on visual surface inspec-
tion. After welding, the pipe was cross-
sectioned, polished, and etched with
mixed acid (equal parts HCI, HNO,,
and acetic acid) to reveal the macro-
structure using optical microscopy.
Figure 4 shows the cross-sections,
which reveal weld penetration depth
as a function of laser power as meas-
ured during the weld using the RPM.
As expected, the weld penetration
depth and total melt volume increased
with laser power, reaching complete
joint penetration at 2.8 kW beam pow-
er. Note that the linear heat input, HI,
was calculated for each weld since pipe
rotational speed w (in units of mm/s)
varied according to the selected laser
beam power, P, so that HI = P/w.

The uncertainty of the laser power
measurement using the radiation pres-
sure power meter is a preliminary esti-
mate and will be refined further with
more measurements. But currently,
the uncertainty is dominated by the
uncertainty in our calibration of the
scale over the lowest mass ranges
(300-500 ug), which correspond to
about 600-1000 W of laser power. We
estimate that the uncertainty of the
scale calibration at these lowest levels
is about 1.5%. For now, we use this as
our power uncertainty estimate. We
are also aware of a potential thermal
drift in the scale reading as higher
powers or longer weld times change
the temperature of the RPM. These ef-
fects must be addressed, but for the
parameters measured here, any drift
was simply removed by a linear ap-
proximation and we assigned a tenta-
tive laser power measurement uncer-
tainty of 1.5%, which includes a cover-
age factor of 2 (sometimes referred to

as a “2 sigma uncertainty”) indicating
that we expect the actual power has a
95% probability that it is within 1.5%
of the value measured by the RPM.

Hybrid Power
Measurement Technique
to Achieve Accuracy
and Speed

As mentioned, radiation pressure is
a unique way to measure laser power
because all other methods require the
laser light to be absorbed. Traditional-
ly, the tradeoff is between absorbing all
the light for an accurate power meas-
urement, or alternatively, measuring
only a tiny “pick-off” fraction of the
light allowing the rest of the light to be
used for the welding operation. This
second approach has lower potential
accuracy but is a simple technique of-
fering a fast way to see changes in laser
power during a weld with a response
time on the order of milliseconds or
even microseconds. Current commer-
cial scale technology, on the other
hand, is not designed for such rapid
measurements and as a result, our
RPM has an approximate 5-s response
time. In the short term, a hybrid ap-
proach between a radiation pressure
power meter and a pickoff power mon-
itor might be a solution to enable both
rapid and accurate real-time measure-
ments of welding laser power.

The pickoff approach is somewhat
common and came installed in the
fiber laser feeding our welding opera-
tion. In the measurement, a small frac-
tion of the laser’s light is absorbed for
measurement using a photodiode (a
small, semiconductor-based optical
power detector). This device works like
a small solar cell where light is ab-
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sorbed by the photodiode and gener-
ates an electrical signal, which be-
comes a measurement of the incoming
laser power. This gives a fast, real-time
way to monitor the power from the
laser. Since these delicate photodiodes
cannot survive laser powers of more
than a few milliwatts, they cannot
measure the full laser beam. During
laser operation, a very tiny fraction of
the laser’s light is diverted to the pho-
todiode. The power measured by the
photodiode is proportional to the total
power in the laser, but that proportion
is difficult to quantify because the ra-
tio of diverted light to the total laser
power (the “pickoff ratio”) is so small.
For example, if a photodiode capable
of measuring up to 10 mW of optical
power were used to measure a 1-kW
laser, only 1/100,000 of the laser’s
power would be directed onto the pho-
todiode. If we wanted merely a 10%
uncertainty in the estimate of total
laser power, we would need to know
the power in the pick-off beam to a
staggering 0.0001% of the total laser
power. Thus, while the pickoff ap-
proach provides a fast and real-time
measurement of laser power, its lack
of calibration makes it poorly suited to
high-accuracy power measurements.
Welding power measurements by
means of the present force-balance
technology, however, are also not ideal
due to the limited response time. Fig-
ure 5 shows an example of the laser
power measured during a circumferen-
tial weld done on the stainless steel
pipe with the setup described previous-
ly. The laser power was stepped up
halfway through the weld. The figure

shows both a power measurement

g9 3.8
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Fig. 5 — Plot of optical power measured with the radiation-pressure power meter
(red, upper curve) and the uncalibrated photodiode pickoff monitor voltage (blue,

lower curve).

from the RPM and the voltage from an
uncalibrated photodiode. Clearly, the
radiation pressure result is important
because it measures accurate laser
power, but the 5-s rise time (seen by
the rounded corners on the rising
edges of the RPM plot in Fig. 5) limits
its ability to measure any changes in
laser power that might occur on a
timescale faster than a couple of sec-
onds. This illustrates the continued
usefulness of the pick-off power moni-
tor as a fast measurement. We are con-
sidering potential improvements of the
measurement speed of the scale. In the
interim, perhaps the best result will be
a hybrid where the radiation pressure
power meter calibrates the photodiode
in real time (eliminating concerns
about drift in the pickoff ratio) to pro-
vide a fast and accurate measurement.
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Conclusion

The results shown here demon-
strate that a radiation-pressure-based
approach of measuring the power out-
put of a welding laser based on its
push rather than the heat it generates
is an exciting prospect. We showed
that this technique can be used in a
welding environment to achieve accu-
rate real-time laser power measure-
ments during a complete-joint-pene-
tration weld. This radiation pressure
technique provides accuracies and re-
sponse times that meet or exceed the
best specifications for thermal power
meters but with the advantage of real-
time measurement during a laser weld.
Future development work will consid-
er how to improve the response time
through scale technology or in con-
junction with other techniques (e.g.,
photodiode pickoff). [[7]
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