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Abstract
We have demonstrated operation of a new photon momentum radiometer for measuring laser
power levels above 1 kW by use of radiation pressure. The ‘axial’ design allows the input and
output laser beams to remain collinear and the force sensing can be carried out with any
analytical balance having a vertical sensing direction and sufficient readability (sensitivity).
The design also provides for a parasitic fast photodiode power measurement that is calibrated
in situ by the slower radiation pressure-based power measurement. This permits a
short-time-constant measurement limited primarily by the photodiode bandwidth, rather than
the response time of the force balance. Uncertainty contributions yield a relative expanded
uncertainty of 2.1% for (1–2) kW and 1.2% above
2 kW (for laboratory environmental conditions). We perform a direct comparison between this
new power meter and the existing primary standard radiation pressure power meter. We find
the two techniques agree with an average inequivalence of 0.12% for continuous wave (CW)
optical powers from (1–10.8) kW. This disagreement is well-explained by the
quadrature-summed uncertainties of the two techniques.
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(Some figures may appear in colour only in the online journal)

1. Introduction

High average-power continuous wave (CW) lasers are quickly
increasing in abundance [1], capacity, and importance, for their
rapid and targeted delivery of heat for applications such as cut-
ting, welding, sintering, drying, and annealing. A portion of
these applications require high-accuracy measurements of the
delivered laser power. In these cases, the accuracy of ‘off-the-
shelf’ thermal power meters (typically 3%–5%) may not be
sufficient. Previous work has shown that for the highest accu-
racy, primary standard power meters based on photon momen-
tum (radiation pressure) offer several advantages including
faster response, smaller and more portable devices, and non-
exclusive operation (allowing laser power to be fully measured

∗ Author to whom any correspondence should be addressed.

during operation) [2]. We refer to this type of devices as a pho-
ton momentum radiometer (PMR). At the core of such a device
is a high reflectivity mirror (sensing mirror) attached to a force
sensor which measures the force of the reflected photons. We
currently have two deployable implementations of PMR. The
first is called the radiation pressure power meter (RPPM) [2].
This device has been successfully demonstrated for labora-
tory and operational settings and at power levels from 1 kW to
50 kW [3]. The design of the RPPM is especially beneficial in
terms of the beam size that can be accommodated for a given
power meter volume. The second implementation, which we
call the axial force radiometer (AFR) [4] will be the focus of
this paper.

The AFR compliments the RPPM in three areas. First, the
RPPM design deflects the incoming beam by 90◦ which pre-
vents it from being inserted into a previously aligned laser
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setup. The AFR is designed for collinearly propagating input
and output laser beams. Second both designs use commer-
cial analytical balances (force balance) to measure the laser’s
force. The RPPM holds the sensing mirror in a vertical plane
to measure a horizontally-directed laser beam. Consequently,
the RPPM requires that the force balance be able to mea-
sure a horizontally directed force. This is uncommon among
commercial force balances, and to enable the use of a vari-
ety of force balances, we designed AFR for a vertical force
delivery—which also simplifies alignment of the laser beam.
Third, the AFR allows use of a parasitic photodiode mea-
surement of the small fraction of light leaking through a
mirror to yield a significant increase in the measurement
bandwidth.

Here we fully demonstrate the AFR, describe its design,
detail its uncertainty analysis, and perform validating measure-
ments with the RPPM from 1 kW to 10.8 kW. We see good
agreement between the RPPM and the AFR that is well-within
the uncertainties of the two instruments.

The use of photon momentum to assess optical power has
been demonstrated for over a century [5, 6]. Light reflecting
from a mirror experiences a change in its momentum. This
results in a force F on the mirror which is directly proportional
to the laser power P such that

P = cF/2r cos (θ) , (1)

where r = R + (1 − R)α/2 accounts for the fact that an
absorbed photon imparts all of its momentum and a reflected
photon imparts twice its momentum. R is the mirror reflectiv-
ity and α is the fraction of non-reflected light absorbed by the
mirror, and θ is the angle of incidence on the mirror.

Numerous implementations of the phenomenon of
equation (1) have been published with a variety of force sens-
ing mechanisms including torsion balances [5–9], pendula
[10, 11], cantilevers [12, 13], linkages [14], and micro-
electromechanical systems [15]. For high-average power
lasers in the kilowatt regime and above, the radiation pressure
forces are sufficient to permit the use of commercial ana-
lytical balances (force balances) as the sensing mechanism.
This greatly simplifies the design and assembly of a PMR.
This makes kilowatt-level primary-standard laser power
metrology more accessible to both the laser laboratory and
the laser-based manufacturing facility. The ultimate goal is
for relatively low-cost primary standard power measurement
capability at the point of use of high power laser functions.

2. Instrument design

The design for the AFR is seen in figure 1. The external
aluminum support housing is an approximate cube with a
30 cm × 30 cm base and a height of 33 cm. Laser light enters a
70 mm diameter aperture at a center height of 27 cm and exits
a symmetrically placed aperture on the opposite side. Three
mirrors redirect the beam as shown in figure 1. The horizontal
incoming light is directed by a turning mirror onto the sensing
mirror which is connected to the force balance. Light reflected

Figure 1. Layout of the axial force radiometer (AFR) geometry.
Incoming laser goes through circular input aperture, hits first turning
mirror at an angle of incidence β, is reflected to the sensing mirror
with an incidence angle of θ, and then proceeds symmetrically to the
last turning mirror and exits the second aperture colinear to the
incoming beam. Laser light transmitted through the first turning
mirror is incident on a scattering plate and measured with a
photodiode.

from the sensing mirror is redirected by the second turning
mirror to exit the device colinearly with the incoming beam.

This geometry facilitates the three design goals. First, the
collinear input and output beams mean that the AFR can be
inserted and removed from the beam path without affecting
the final beam direction. This is a significant step toward a
truly non-perturbing laser power meter. Second, this design
permits the use of a force balance in a ‘vertical force’ configu-
ration which corresponds to the operating orientation of most
commercial analytical balances. This design also reduces sen-
sitivity to operator errors in alignment. As seen in equation (1),
errors in the angle θ between the laser beam and the mir-
ror normal will cause errors in the measured power. This
reduced sensitivity to device alignment will be discussed in
section 3.

Third, the highly reflective turning mirrors permit a small
10–20 parts per million (ppm) fraction of the incident light
to be transmitted into the triangularly shaped top compart-
ment (figure 1). A variety of sensors (fast photodiode, beam
profile camera, spectrometer, etc) can be placed there to inter-
cept and analyze the transmitted beam simultaneous to the
power measurement. For the demonstration here, we have
included a photodiode to provide a fast but uncalibrated mea-
sure of the time dependent laser power. Using this configura-
tion in tandem with the measurement from the force balance
permits in situ calibration of the photodiode for high accu-
racy and high bandwidth measurement of the incident laser
power.

Collinearity of the input and output laser beams requires
that θ = 2β − π/2. We have designed the power meter for
incidence angles of θ = 22◦ and β = 56◦. The choice of these
involve a tradeoff. From equation (1) sensitivity to angular
misalignment is lowest for small values of θ, but decreasing
θ increases the required instrument height or diameter of the
turning mirrors.

The maximum beam size is limited by a 70 mm diame-
ter aperture chosen to accommodate typical collimated beam
diameters of (1–20) kW lasers. The aperture slightly under-
fills the 83.9 mm vertical dimension of the 150 mm diameter
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turning mirror projected at 56◦. The sensing mirror is smaller
(100 mm diameter), which is possible due to the smaller 22◦

angle of incidence.
In the following section, the various critical elements of

the AFR are described and their contributions to measurement
uncertainty are quantified.

2.1. Mirror design

Two performance requirements for the mirrors are that they
provide high reflectivity to avoid heating from absorbed laser
light and that they do not significantly distort the beam. To
achieve high reflectivity, we use a Bragg mirror deposited onto
a fused silica substrate using the ion beam sputtering (IBS)
technique. This yields coatings with reflectance on the order
of 0.999 98–0.999 99 at our operating wavelength of 1070 nm.
This reflectance is measured as the fraction of incident light
that is not transmitted into the mirror. That is, our ‘reflectance’
value includes not only specularly reflected light but also scat-
tered light. For the purpose of these mirrors, this represents a
negligible difference.

Minimizing the weight of the sensing mirror is impor-
tant to avoid overloading the force balance. But this is a
tradeoff—thinner mirrors weigh less but are more prone to
distortion from compressive stress induced by the coating,
which causes the mirror to take-on a slight convex defor-
mation (spherical to first order). We do not require ‘optical
flatness’ but wish to minimize distortion of the beam shape
upon reflection.

The most significant problem with spherical mirror curva-
ture is the elliptical distortion of the reflected beam. A laser
beam with a circularly symmetric transverse beam profile will
produce an identical circular beam when reflecting at any angle
from a planar mirror but yields an elliptical beam profile if the
mirror has a spherical curvature. The resulting beam shape is
a function of the mirror’s radius of curvature ρ, the diame-
ter a of the incoming beam, and the angle of incidence ϕ on
the mirror. The reflected diameter D of the beam is a func-
tion of the distance z from the mirror at which the diameter is
reported

D‖ ≈ a

(
1 +

2z
ρ cos ϕ

)
(2)

and

D⊥ ≈ a

(
1 +

2z cos ϕ

ρ

)
, (3)

where D‖ and D⊥ are the beam diameter in the direction
parallel and perpendicular to the plane of incidence, respec-
tively, and the approximation assumes operation in the paraxial
limit a/ρ � 1. As an example, a circularly symmetric inci-
dent beam reflecting at 45◦ from a mirror with a 20 m radius
of curvature will have an ellipticity (D‖/D⊥) of 1.4 when
sampled 10 m from the mirror. We see that in the far field
(z/ρ � 1), the ellipticity of the beam (D‖/D⊥) will approach
1/cos2(ϕ).

The IBS mirror deposition consists of an (8–10) μm thick
multilayer Bragg coating of alternating layers of SiO2 and
Ta2O5 with a compressive stress on the order of ∼190 MPa.
The relationship between coating stress and the resulting

radius of curvature ρ of the substrate is described with the
Stoney equation [16]

ρ =
Eshs

2

6σfhf (1 − υs)
, (4)

where Es is Young’s modulus of the mirror substrate, hs is the
substrate thickness, σf is the stress of the mirror film, hf is
the mirror film thickness, and νs is Poisson’s ratio of the sub-
strate. Experimentally, we find these coatings on 1 mm thick
substrates yield unacceptably small radii of curvature ranging
from 11 m to 18 m.

Such a curvature can be mitigated with thicker substrates,
which is the preferred solution for the two turning mirrors
which are 3 mm thick. But, to save weight, a 1 mm thick sens-
ing mirror is used. We mitigate the coating strain by applying
a strain-balancing coating on the back surface of the substrate.
This coating is of comparable thickness and composition to
the mirror coating with the goal of producing an equal and
opposite strain. This implementation results in 1 mm thick
high reflectivity mirrors with radii of curvature greater than
100 m.

We also found that mechanical effects of the mounting
can be detrimental. We originally experimented with securing
the sensing mirror in its mount using four nylon hold-down
screws. But the strain induced by this edge clamping was suf-
ficient to produce significant mirror distortion. Therefore, dur-
ing a measurement, the sensing mirror is held in place by only
gravity.

2.2. Photodiode implementation

Present high-accuracy and high-sensitivity (readability) com-
mercial force balances typically take ∼5 s (‘response time’)
to reach 99% of their final value. This creates a ‘dead time’ at
the start of laser injection and limits the frequency response
of radiation-pressure-based laser power measurement. This
timescale is fast compared to primary standard thermal power
meters (particularly those targeting multi-kilowatt operation)
but is not fast enough to measure short <5 s injections or
to monitor laser power fluctuations. To mitigate this effect,
we have implemented a parasitic photodiode in the design
of the AFR in order to improve two aspects of power meter
performance—temporal response and measurement stability.
We mitigate this with a photodiode power monitor located
behind the first laser turning mirror (figure 1). The finite
reflectivity of the turning mirror (0.999 98–0.999 99) means
a very small fraction (10–20) ppm of the incident light will
transmit through the turning mirror. By placing a photodi-
ode behind the first turning mirror, we can sample the beam
power with a response time limited primarily by that of the
photodiode.

The voltage output of the photodiode cannot be directly
used as an absolute measure of laser power because of the
significant uncertainty in the fraction of the total laser light
that is incident on the photodiode. Insufficient knowledge
of mirror transmission, overfilling the photodiode aperture,
polarization, and speckle effects contribute to the photodiode’s
overall measurement uncertainty. Instead, we calibrate the
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Figure 2. Illustration of symbiotic relationship between laser power
measured by radiation pressure (solid (red) line, left axis) and that
using the photodiode (dashed (blue) line, right axis). Δt is the total
injection period of the laser and ΔtRP is the period of the injection
for which laser power is measured with radiation pressure.

photodiode response (including the coupling ratio between
total laser power and that captured by the photodiode) by com-
parison with the simultaneously acquired radiation pressure
power measurement.

This concept has been discussed previously [3] but not fully
implemented. It is accomplished here as follows. For a laser
injection, a measurement of laser power using both the radi-
ation pressure approach and the photodiode voltage will pro-
duce results as shown schematically in figure 2. The radiation-
pressure-based power measurement is a high-accuracy result
but with a slow response time. Alternatively, the photodiode
risetime is much faster, showing no noticeable response time
(at our current 10 Hz sampling rate) but has a prohibitively
large uncertainty. By averaging the radiation-pressure-derived
laser power over a suitable time period, we can compare to
the average voltage from the photodiode during that same
time interval and thus calibrate the photodiode response. This
produces a calibration factor CPD for the photodiode

CPD =
〈VPD〉ΔtRP

〈PRP〉ΔtRP

, (5)

where VPD is the photodiode voltage, PRP is the laser power
measured by radiation pressure, and the angled brackets
〈�〉ΔtRP

indicates an average of the argument over the period
ΔtRP. This has the significant effect of providing an in situ
calibration of the photodiode valid for the exact conditions
of the laser injection. This in situ calibration permits trace-
able measurements of total laser power with a response time
that is independent of the force sensor and only limited by
the response time of the photodiode. This concept could be
applied to modulated or pulsed laser power. The requirement
is that the average laser power during the calibration interval
be sufficiently strong to be measurable by the radiation pres-
sure portion of the AFR and that the photodiode response is
sufficiently linear over the range of the measurement.

This approach can also mitigate drift typically seen by force
balances over long measurement durations. Typically, thermal
drift of force responsivity must be corrected in analytical bal-
ances by comparing the unloaded (background or ‘tare’) mass
reading to the loaded reading. We currently perform a similar
correction by reading the force on the sensor before, during,

Figure 3. Detail of photodiode-based laser sampling setup. The full
laser beam is incident on the first turning mirror with a transmission
of (10–20) ppm. This severely attenuated beam is incident on a
volume scattering plate at a 45◦ angle. Scattered light exits with a
wide divergence angle and significantly reduced coherence. An
unspecified fraction of this light is incident on the photodiode.

and after the laser injection. The pre- and post-injection force
measurements are used to correct for any linear (with time)
drift in the responsivity of the force balance during the injec-
tion. This is detailed in [2]. However, this correction assumes a
linear drift of the force responsivity with time. We have found
empirically that for injections longer than about 60 s (depend-
ing on environmental conditions and laser-induced heating)
the force balance can drift in a fashion that is not linear with
time. This currently limits radiation pressure measurements for
long injection times. However, since the photodiode signal is
not susceptible to this drift, we could use it as a reference to dis-
tinguish drift of the force sensor from drift of the laser power
permitting a traceable measure of laser power regardless of the
injection duration. This approach makes the assumption that
the transmission of the turning mirror is stable during the injec-
tion and that the pre- and post-injection taring operations avoid
data sampled during the rise or fall time of the force sensor as
in [2].

While the photodiode need not fully sample the beam, this
approach does require that the fraction of the beam which is
sampled by the photodiode be stable throughout the duration of
the laser injection. Instability could come from wander in the
position of the beam, modal instability of the laser or delivery
fiber, speckle effects, and polarization instability. We mitigate
these effects using the setup shown in figure 3. The (10–20)
ppm fraction of the laser beam that is transmitted through the
first turning mirror is incident on a volume scattering plate
oriented at 45◦ to the incoming beam. The small fraction of
the light that emerges from the scattering plate is sufficiently
incoherent and uniform to permit a much more stable power
measurement on the photodiode. As mentioned, the true frac-
tion of light reaching the photodiode need not be known since
it is contained within the calibration of equation (5).

To quantify the extra noise incurred due to the photodiode,
we measured the fractional standard deviation of the photo-
diode voltage during injection with a Gaussian beam to be
0.002. To test the worst-case variation in photodiode voltage
due to spatial instability of an incoming beam, we used a laser
with an asymmetric, non-Gaussian beam with spatial ‘hot-
spots’ of higher powers and wiggled the laser’s multimode
delivery fiber during the injection. We found the fractional
standard deviation of the photodiode signal increased to 0.015
under these conditions with the increase attributable to spatial
instability of the laser beam.
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Figure 4. Diagram of AFR power meter showing the effect of
misalignments on the angle of incidence on the sensing mirror. Solid
black lines give the ideal position of the components; dashed black
lines are represent their potential misalignment. Grey solid lines are
the ideal laser beam path; grey dashed lines are the beam path for
misalignments. TM1 is the entrance turning mirror, TM2 is the exit
turning mirror, and SM is the sensing mirror. θS is the ideal
incidence angle on the sensing mirror; δTM1, δTM2, and δS are the
misalignment angles of the three mirrors.

3. Measurement uncertainty

3.1. Mirror

There are two sources of error related to the sensing mirror.
The first is accuracy in the knowledge of the mirror’s optical
parameters (reflectance, scattering, absorptance, and transmis-
sion) at the laser wavelength in question. The second is accu-
rate knowledge of the laser beam’s angle of incidence θ onto
the sensing mirror.

Since the error in the angle of incidence between the laser
beam and the sensing mirror cannot be directly measured due
to the enclosed design of the assembled AFR, it must be
estimated from the laser beam’s alignment with the plane of
the entrance aperture and the geometrical tolerances of the
assembled instrument.

The AFR is designed so that a horizontally travelling laser
beam will hit the entrance turning mirror at an incidence angle
of θTM = 56◦ then reflect to make an incidence angle of
θS = 22◦ on the sensing mirror and a symmetric angle θTM on
the exit turning mirror. However, as shown by figure 4, angu-
lar misalignment of the entrance turning-mirror or the sensing
mirror will cause an error in the angle of incidence with the
sensing mirror. In addition, if the incoming laser beam is not
horizontal, it will add to the error. If the entering laser beam is
tilted downward by an angle δin, the true angle of incidence θ
on the sensing mirror will be given as

θ = θS + δθ = θS + δin + δS + 2δTM1 (6)

where δθ represents the sum of the alignment errors δin, δS, and
δTM1 are described above and in figure 4.

We assess the uncertainty values associated with
equation (6). The angular alignment of the turning mir-
rors comes from two steel pin supports mounted into both
side panels of the AFR housing. The position tolerance of
the placement of these pins yields a standard uncertainty for
turning mirror alignment angle of 0.64 mrad. We measured
the worst-case deviation angle of the sensing mirror away
from horizontal and assign it a standard uncertainty of 2.4

mrad. The infrared input laser beam (wavelength 1070 nm)
is aligned to the horizontal using the visible (red) guide
beam which permitted an alignment standard uncertainty of
5 mrad. Adding these in quadrature yields the angular error
δθ as having a zero mean and a standard uncertainty of σθ =
5.6 mrad.

The angle of incidence θ on the sensing mirror in
equations (1) and (5) is a compound angle such that

cos (θ) =
√

1 − sin2 (θS + δθ) − sin2 (θR) (7)

with θR representing tilt of the beam on the sensing mirror
perpendicular to the direction of θS. This angle is related to
the angle of rotation θZ of the AFR about its vertical axis as
tan(θR) = tan (θZ )

cos (θS) with θZ = θR = 0 for perfect alignment. From
equations (1), (6) and (7) the relative standard uncertainty con-
tribution of angular error to measured laser power is given (to
first order) as

uθ ≈ tan (θS)σθ , (8)

which for our target sensing mirror angle of θS = 22◦ is
uθ = 0.0023. This illustrates an advantage of the AFR design
from the standpoint of operator alignment. To first order, the
reported power is unaffected by small rotational misalignment
in θZ . Angular deviation of the incoming beam from horizontal
does have an effect but the θS = 22◦ angle of incidence with
the sensing mirror reduces by 60% the resulting power error
compared with an instrument with an angle of incidence target
of 45◦.

Uncertainty in mirror reflectivity directly contributes to the
uncertainty of power measurement. With reflectivity values
typically between 0.999 98 and 0.999 99, we measure mirror
reflectivity as the fraction of non-transmitted light. This tech-
nique has been described previously [2] and accounting for
possible light scattering and absorption in the fused silica sub-
strates yields a standard uncertainty of 0.000 43 per mirror.
In the case of the AFR, the measured result involves light
reflected from two mirrors (the first turning mirror and the
sensing mirror) adding the uncertainty in quadrature gives a
total standard uncertainty ur = 0.0006 for the mirrors.

The alignment imperfections described above not only con-
tribute to uncertainty in laser power measurement, but they
also produce an angular error between the output and input
beams. As mentioned, we desire coaxial input and output
beams to simplify measurement setup. We measure the angu-
lar misalignment by using the visible alignment laser. We can
remove the photodiode assembly from the AFR so that one
input beam produces two outputs—the regular beam which
is reflected from the three mirrors and a weaker beam which
is transmitted through both of the turning mirrors. The mir-
rors are coated for high reflectivity at the 1070 nm operating
wavelength and but only moderate reflectivity (∼50%) for the
red alignment beam. This allows us to view both the unper-
turbed (input) and reflected (output) beams simultaneously.
We measured a 5 mrad angle between the two beams. We
can force these two beams to co-align by either tilting the
incoming laser beam or the AFR. This technique may reduce
or increase the angular error on the sensing mirror and thus
the power measurement error depending on the source of the
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Table 1. Noise on force sensor due to air currents and vibrational noise. NEP is the
noise-equivalent power.

Number of windows installed Noise standard deviation σn (W) NEP (W Hz−1/2)

0 73.7 46.6
1 3.26 2.06
2 3.70 2.34

original misalignment. We follow this procedure to force well-
aligned input and output beams. Evaluating the potential align-
ment errors of figure 4, we find the standard relative uncer-
tainty incurred by forcing the two output beams to align is
ua = 0.001.

3.2. Force sensor

The force on the sensing mirror is measured with a com-
mercial force balance. Uncertainty in the response of such
a device comes from three sources—sensor calibration, air
currents and acoustic vibration, and inherent force balance
repeatability and drift nonlinearity. Since the power mea-
surement comes from the difference of measured force with
and without the laser beam, the orientation of the force sen-
sor with respect to gravity has no effect on the measured
power and therefore does not contribute to measurement
uncertainty.

3.2.1. Sensor calibration. From equation (1), a laser power
of 1 kW incident on a perfect mirror at an incidence angle of
22◦ will produce a force of 6.186 μN which is the weight of
a 631 μg mass. To assess the uncertainty of the force balance
contribution at such small mass values, we have calibrated our
balance using a set of wire calibration masses ranging in value
from 162 μg to 48 mg. These wires were assigned SI traceable
mass values using the NIST electrostatic force balance [17].
They were in turn used to calibrate the AFR’s force balance
over the same range. This process is described in detail in [18]
and yields a relative standard uncertainty of uF = 0.0025 due
to the force balance calibration.

3.2.2. Acoustic noise and air currents. As with any sensi-
tive force balance, acoustic vibrations and air current incident
on the sensing mirror are noise sources. Fortunately, response
time of this type of force balance (on the order of 5 s) filters out
much of the acoustic noise which tends to be of higher frequen-
cies. Air currents can be significantly reduced by covering the
entrance and exit ports of the AFR with anti-reflection-coated
windows. However, even with the 0.1% reflection (per surface)
afforded by the coatings, power reflected from the window
surfaces can present safety issues when incident powers are
of tens of kilowatts. As such, operation without windows is
preferred. To assess the mitigation of air current effects, we
measured the raw output of the force balance as a function of
time with two, one, and no windows in place. This commercial
balance reports its measurements in units of mass but we con-
vert this to a force using the acceleration of gravity g and then
to a power using equation (1). With no laser injection, we sam-
pled this power for tens of seconds and measured the standard

deviation. Table 1 reports the measured noise in terms of stan-
dard deviation σn and noise equivalent power (NEP), which is
found as

NEP = σn
√
τ (9)

where τ = 0.4 s is the measured rise time (1/e point of the
exponential rise) of the force balance.

We find that the installation of just one window drastically
improves the noise level over that of no windows while the
addition of the second window has no significant effect on the
noise. As an example of this noise contribution, the single-
window NEP predicts a measurement standard deviation of
uNEP = 0.92 W for a 5 s measurement duration.

3.2.3. Balance repeatability and nonlinear drift. In a slightly
different experiment, we used the AFR (with one aperture
open) to measure the average laser power during multiple laser
injections lasting 30 s each. We performed 5–10 injections
at each of five laser power levels—nominally 1 kW, 2.5 kW,
5 kW, 7.5 kW, and 11 kW. Each injection yielded an aver-
age power (over the 30 s injection duration). We calculated
the standard deviation σP these measured averages for each
of the power levels. We found σP to be largely independent
of the injected laser power level with an average value of
σP = 9.97 W. This result is significant in that it is not predicted
by the air current noise of table 1. Specifically, for a 30 s aver-
age, the NEP for one installed window would predict a 30 s
standard deviation of 0.38 W. We assign this 9.97 W noise to
force balance repeatability and define the standard uncertainty
due to total random noise sources uN (for a 30 s injection, under
conditions similar to our laboratory) as the quadrature sum of
σP and σn so that uN = 10 W.

A similar effect is due to laser-induced thermal drift of the
force balance response. Depending on the layout of the power
measurement, the high-power laser beam can heat the force
balance—through absorption by the window or scattered light
or heat from a nearby beam dump. Typically, force balances
are temperature compensated, but there will always be some
residual dependence on temperature or its gradient. This effect
is identified as a measured force that changes with time when
a constant-power laser beam is incident on the sensing mir-
ror. The baseline correction algorithm removes any drift slope
that is constant with time. But any non-linear residual (‘drift
nonlinearity’) remains. This shows up as a power dependence
to the standard deviation in measured power. The repeatabil-
ity of measured power had the power-independent compo-
nent σP described above as well as a power-dependent portion
γT = 0.0006. This value is about one half of what was mea-
sured for the RPPM implementation [2]. We attribute this
reduced environmental dependence to the AFR design that has

6
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Table 2. Uncertainty components for axial force radiometer (AFR).
Type A represents uncertainties which are statistically determined,
and type B are those determined through other means. All are
represented as relative standard uncertainties.

Type A Type B

Sensing mirror angle, uθ 0.0023
Mirror reflectivity, ur 0.0006
Force sensor calibration, uF 0.0025
Forced alignment, ua 0.001
Balance repeatability, uN 10 W
Drift nonlinearity, γT 0.0006

the force balance enclosed within the housing exposing it to
less external heating effects than the RPPM.

3.3. Combined uncertainty

We estimate the expanded fractional uncertainty U on the
power measurement as the quadrature sum of the various
components detailed above and summarized in table 2.

These uncertainty elements combine to give the relative
expanded uncertainty on the AFR power measurement

U (P,Δt) = 2

√√√√uθ2 + ur
2 + uF

2 + ua
2 + γT

2 +

(
uN

P

√
30
Δt

)2

,

(10)
where the coverage factor of k = 2 [19] defines an interval
having a level of confidence of approximately 95% [20]. Upon
inserting values from table 2 for a nominal injection time of
30 s, we find that for power levels between 1 kW and 2 kW,
the nominal expanded uncertainty is 2.1% and above 2 kW, the
expanded uncertainty is 1.2%.

4. Validating measurements

As a primary standard, the AFR derives its uncertainty and
traceability through the kilogram. However, as a validation of
our uncertainty analysis, we have performed a power compari-
son between the RPPM (also a primary standard) and the AFR.
The experimental setup is shown in figure 5.

The non-exclusive nature of radiation pressure as a means
to measure laser power enables the unique power meter com-
parison setup of figure 5. That is, we can measure the total
power in a laser beam using two different power meters simul-
taneously. We used a Yb-doped fiber laser at a wavelength of
1070 nm to produce a collimated beam that first passes through
the AFR and then the RPPM. The laser collimator was posi-
tioned adjacent to the entrance aperture with a non-contacting
air-baffle collet to limit air flow through the entrance aper-
ture which eliminated the need for an input window (favor-
able for safety). The collimator did not make physical con-
tact with the AFR body or the air-baffle collet in order to
minimize vibrational coupling from the flow of cooling water
through the collimator head or of motions of the process fiber
connecting the collimator to the laser. The output aperture was
left open.

Figure 5. Plan view of the experimental setup for comparison
between AFR and RPPM. Labeled positions 1–8 indicate reflecting
surfaces (weak or strong) that will affect the forward and reverse
propagating power in the laser beam. Position ‘X’ is the point
between the 2 m at which the measured power is referenced. Gray
elements represent schematic positions of the RPPM exit window
and beam dump for the sake of marking the position of surfaces 7
and 8.

This unique simultaneous power measurement greatly sim-
plifies the process of comparing power meters, but also intro-
duces new considerations. To relate the power measured simul-
taneously by each of these radiation pressure devices, we
must be clear on the longitudinal position at which the power
is being measured. In other words, each power meter mea-
sures the power that impinges on its sensing mirror. However,
because of finite transmission, absorption, and scattering from
the sensing mirror, the optical power impinging on the sens-
ing mirror is minutely greater than the optical power that is
reflected from the mirror. The high reflectivity of our mir-
rors makes this difference insignificant in practice. However,
effects of non-zero window reflectances are not negligible.
When windows are in place between the power meters, we
must consider not only the effect of their optical loss (due
to reflection) on the downstream power meter, but also the
effect of light reflected from the intermediate window back
onto the sensing mirror of the upstream power meter. Thus
an intermediate window will cause an increase in the mea-
sured power by the upstream power meter and a decrease in
the measured power by the downstream power meter. These
back reflection and loss mechanisms have an effect equal to
roughly twice the reflectivity of the window. The broad spec-
tral shape of the laser light [on the order of (5–10) nm] ensures
that we need not consider interference effects from the multiple
surfaces of these reflective elements labelled in figure 5 with
numbers 1–8.

Figure 5 illustrates the various reflecting surfaces that must
be considered in this comparison. Practically, reflective sur-
faces upstream of the first power meter or downstream of the
second power meter have no net effect for the sake of compar-
ison since their presence has the same effect on both power
meters. This equivalence assumes the windows are aligned
such that the laser beam is incident normally.

We chose to perform the comparison by converting the
power reported at each power meter to the power that is

7
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expected at the point labeled ‘X’ in figure 5. We do this using
window reflectivity values measured analogous to what was
done for the mirrors [2]. With reflectivities of 0.999 98 to 0.999
99, our mirrors (surfaces ‘3’ and ‘6’ in figure 5) contribute
negligible loss to the power budget. With no output window
on the AFR, there is only one window (two reflective sur-
faces) between AFR and RPPM sensing mirrors—it is the
RPPM’s upstream shielding window (surface ‘5’ in figure 5).
The absorption loss coefficient for fused silica is on the order
of 1.7 × 10−4 mm−1 [21] which produces a negligible loss in
the 1 mm thick substrate. The window has an anti-reflection
coating with a reflectivity of Rw = 0.0001 per surface.

To accurately compare the simultaneous measurement
results of two radiation-pressure-based laser power meters, we
must select a position y along the beam path at which the
powers will be compared. We denote the forward-propagating
power at this point as Py. A given power meter will report
the total power incident on its sensing mirror as Pmirror. This
value includes both the forward-propagatingpower at the sens-
ing mirror as well as any back-reflected power from reflecting
surfaces downstream of the mirror. The relationship between
Pmirror and Py depend on the number K of reflecting surfaces
downstream of the sensing mirror, and the number M of reflect-
ing surfaces between the sensing mirror and position y. The
relationship is then

Py =
Pmirror(1 − Rw)γM(

1 + Rw
∑K

i=1 (1 − Rw)i−1
) , (11)

where it is assumed that all reflecting surfaces have the same
reflectivity Rw, γ = +1 when the sensing mirror is upstream
of point y and γ = −1 when the sensing mirror is downstream
of y. The reflectivity term in the numerator compensates for
losses between the mirror and point y due to reflections and the
reflectivity term in the denominator compensates for the extra
force on the mirror due to reflected light. For anti-reflection
coated surfaces, Rw � 1, and we can ignore terms of order
higher than Rw. This yields

Py ≈
Pmirror (1 − γMRw)

(1 + KRw)
. (12)

In the case of our comparison measurement (figure 5) we
apply equation (12) to the power measured by the AFR and
the RPPM to produce the power each predicts for the com-
mon position X (figure 5) as PAFR,X and PRPPM,X respectively.
With the low reflectivity of our windows (Rw = 0.0001) the
fractional correction is small with a magnitude of 0.0004 and
whose uncertainty contribution to the overall power measure-
ments is negligible. The fractional error in the comparison
measurement is then

ΔP
〈P〉 = 2

PAFR,X − PRPPM,X

PAFR,X + PRPPM,X
. (13)

To assess the validity of the AFR measurements, we compare
the magnitude of this fractional error to the quadrature sum of
the uncertainties of the two measurement techniques. This is
plotted in figure 6. We find the average discrepancy (the quan-

Figure 6. Discrepancy between AFR and RPPM power values.
Discrepancy is the quantity of equation (13) expressed as a percent.
The error bars represent the quadrature sum of the expanded
uncertainties of the AFR and RPPM measurements.

tity of equation (13) expressed as a percent) between the two
techniques for powers ranging from 1 kW to 10.8 kW is 0.12%
and within 0.5% for all cases. This is well within the combined
expanded uncertainty of the two techniques.

5. Conclusions

The 0.12% agreement between AFR and RPPM validates our
uncertainty analysis of the AFR for power levels from 1 kW
to 10.8 kW. The uncertainty analysis of section 4 yields the
expanded uncertainty specifically described by equation (10)
and table 2. But for general conditions we describe the
expanded uncertainty as 2.1% from 1 kW to 2 kW and
1.2% above 2 kW (for an approximate 95% confidence inter-
val). While the fractional uncertainty tends to improve with
increased signal (laser power), we expect that ultimately at the
highest powers, thermal affects associated with laser heating
will dominate the uncertainty.

A goal of the development of AFR is to yield a design that
can be easily duplicated and used with a variety of commer-
cial analytical balances. As such, we will provide mechanical
drawings of the housing design on request.

Future development work with the AFR will focus
on testing at higher powers, and further development of
the photodiode implementation. We see a promise in this
photodiode-radiation-pressure combination to significantly
increase the measurement bandwidth—eventually enabling
radiation-pressure based measurements of single-pulse energy
measurements below the current 200 J threshold of the RPPM
[22].
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