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*is work aims to determine the radiance responsivity to be used in the calibration of polychromatic radiation sources with low
uncertainty. To realize the radiance, Ar-ion, He-Ne, and Nd-YAG lasers as well as an integrating sphere with a 0.15m diameter are
used to obtain radiation sources having Lambertian distributions. *en, a silicon photodiode-based reflection-type trap detector
with calibrated precision aperture, which is traceable to a liquid helium cooled laser-based cryogenic radiometer, is used to
measure the photocurrent corresponding to each wavelength and thereby to obtain radiance. *e proposed system, which
measures the spectral current response of this laser-based radiance, is a double-grating monochromator with a 2× 300mm focal
length and triple gratings in each of its turrets. First, the radiance of the laser beam that emerged from the integrating sphere is
calculated, and then the radiance responsivity of the system is obtained by measuring the photocurrent outputted from the exit slit
of the monochromator at each laser wavelength. Finally, the spectral radiance values of the polychromatic lamps are obtained
using the radiance responsivity of the system. Consequently, the study aims to develop the derivation and better understand
traceability of the other radiometric and photometric quantities with low uncertainty from the fundamental radiometric radiance
unit. Measurement results obtained in the expanded measurement uncertainty scale are determined using both classical and
Monte Carlo methods.

1. Introduction

In optic radiometry, measurement systems consist of threemain
components, namely, radiation sources, detectors, and optic and
optomechanical materials, which form the basis for the envi-
ronment in which they are transferred. *e measurement
traceability chain for the control of the optical performance of
these components can be realized in two different ways,
depending on whether they are source or detector based.

Source-based measuring chains employ the blackbody
radiation principle, are called “black body radiators,” and are
formed to be traceable to high-precision systems [1, 2].
Detector-based measuring chains have been formed such
that they are traceable to low-temperature radiometry that
operates on the principle of electrical substitution of the
response of the detectors to optical power at the liquid
helium temperature (4.2 K) [3–6].

One of the methods utilized in measurement chains that
are developed to realize the radiation scale is to obtain the
radiation of the light source compared with that of black
body radiator systems. *ese radiation measurements are
performed at specific temperatures by extending with
physical modeling of the spectral radiation data [7–9].
Another alternative measurement method that was devel-
oped uses a monochromator system and a sensor that is
calibrated against a low-temperature radiometer operating
at liquid helium temperature (4.2 K) [10, 11].*e second one
has a lower uncertainty than the first, but it is within the
required resolution range for the measurements; the signal-
to-noise ratio (SNR) of the output of the monochromator
causes high uncertainty in the transfer function. In recent
years, a method that was developed to solve this problem,
and which has been used inmetrology laboratories, is the use
of a laser radiation source instead of a polychromatic
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radiation source. *is approach has helped to obtain the
radiation scale and to determine the monochromator
transfer function with low uncertainty. By using laser ra-
diation, the abovementioned problems can be greatly re-
duced as more stable, narrow-band, and high-powered
beams can be obtained compared with polychromatic ra-
diation sources [12–16].

In this study, laser-based high-resolution spectroradio-
metric systems were established. *e proposed system cal-
culates the basic radiometric unit radiance with low
uncertainty and meets the needs of instrument character-
ization, which may occur in scientific research activities
using other radiometric and photometric quantities. In
addition, it aims to establish the infrastructure for potential
research needs that may emerge under various topics within
the scope of the European Metrology Program for Inno-
vation and Research (EMPIR).

*e spectral radiance responsivity scale obtained with
low uncertainty for source-based measurement systems [17]
can be used for applications such as space and defense
applications. *e aim of this paper is to develop a spectral
radiance responsivity scale by investigating and establishing
a suitable radiance measurement system. In addition, the
spectral radiance of the unknown radiation source or surface
can be defined using a laser-based radiation source, which
has a Lambertian distribution. *e defined measurement
results were calculated separately using both classic and
Monte Carlo methods, and they were compared with each
other.

In this research, a monochromator that is used for the
spectral radiance measurement was first characterized in
terms of the wavelength accuracy [18]. Secondly, a re-
flection-type Si-based trap detector, which is used in the
NMI laboratory as a radiometric transfer standard [19, 20],
was regenerated and comparatively tested based on the
homogeneity, polarization dependence, nonlinearity,
quantum efficiency, and responsivity using a reflection-
type Si-based trap detector, which was previously char-
acterized against an electrical substitution cryogenic ra-
diometry (ESCR) system in the TÜBİTAK-UME optic
laboratory facility [21, 22]. *irdly, by using an integrating
sphere and laser, the Lambertian-distributed radiance
beam was determined. *e integrating sphere is a nearly
Lambertian source that has the same radiance field in all
directions, so it is generally suitable for radiance and ir-
radiance measurements [15]. In the specific laser wave-
length region, radiance values of the laser beam created
with the integrating sphere were obtained using a He-Ne
tunable (543, 594, 604, 612, and 632.8 nm), Argon-ion (457,
477, 488, and 514 nm), and Nd-YAG (1064 nm) lasers. After
that, using a monochromator, detector, and polychromatic
light, radiance responsivity values were measured. Spectral
radiance values obtained by using certain laser wavelengths
and trap detectors have been transferred to the system
consisting of telescope, monochromator, and detector and
transfer function has been produced. *ese calculations
and operations performed at certain laser wavelengths were
checked using a reference standard polychromatic radia-
tion source, and the scale was generalized by fitting to the

points where laser wavelengths were missing. *e known
radiance values of both laser and reference standard ra-
diation sources provide an important use for pairwise
comparison and generalization while creating the transfer
function of the system. Since the use of laser for transfer
function is within the facilities of the laboratory in terms of
metrology, the reference polychromatic source has pro-
vided an important step for both customizing and con-
trolling measurement accuracy. By using the obtained
radiance values, the transfer function of the monochro-
mator was obtained, and the radiation values of an un-
known source were obtained with standard uncertainty
measurements using both the classical and Monte Carlo
approaches. *e radiance is the basic unit for measure-
ments in the optical region, and the radiance is easily
converted to another unit. For this reason, the measure-
ment of the radiance is very important for photometric and
radiometric measurements.

*e absolute radiance responsivity was realized by
transferring the radiation that exists from a tunable laser
system with an integrating sphere and regenerated reflec-
tion-type trap detector to a spectroradiometric system
[23–25]. *e spectral radiance of the unknown sources was
investigated at high resolution by using uncertainty calcu-
lations. Laser-based systems are more suitable for realizing
the radiance measurement calibration of any source com-
pared to traditional methods [16, 26].

2.MeasurementSetupandTheoreticalBackground

In radiometry, optical power measurements are important
for both radiation sources and optical detectors. *e mea-
surement and testing with low uncertainty of the spectral
power values of the radiation source and the current values
created in the detectors is an important step for researchers
who perform scientific studies using such optical systems. In
radiometry, a fundamental optical quantity is radiance and
other quantities can be computed from it.

In recent years, the method preferred by many me-
trology laboratories involves the use of optical detectors and
laser sources, which are traceable to low-temperature ra-
diometers. *e radiance measurement technique that is
realized using laser radiation sources and detectors that are
traceable to low-temperature radiometry can meet the re-
quirements that will emerge in parallel with current tech-
nological developments in this field [12].

In this study, a laser-based measurement system was
established, as shown in Figure 1. Firstly, spectral radiance
values were obtained at the laser wavelength by using a
silicon-based trap detector, which is characterized with
respect to low-temperature radiometry [27]. *en, the same
system was transferred to the double monochromator sys-
tem, and the spectral transfer function of the system was
obtained. *us, the spectral radiance values of the unknown
polychromatic radiator source were derived using a transfer
function obtained with low uncertainty.

*e left part of Figure 1, which has lasers, an integrating
sphere, Si-based trap detector, amplifier, and multimeter,
was used to obtain the spectral radiance values for each laser
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wavelength. Radiance was obtained numerically by ana-
lyzing the physical parameters between the source-detector
in the measurement apparatus of Figure 1. *eoretically, the
following method was used to obtain the radiance formula
[28].

*e relation between the radiation flux (∅) and the
radiance (L) from the radiation source is given as follows:

d2∅(λ) � L(λ)
dA1 cos θ1
x2 − x1( 􏼁

2 dA2 cos θ2. (1)

Radiation flux defined in (1) is a function of the spatial
and angular coordinates. Often source of radiometric in-
terest can be considered Lambertian.*ey radiate a constant
radiance in all directions into hemisphere. Because of that
reason, some assumptions can bemade and integral only can
depend on function of the wavelength [28]. Because laser
radiation is very similar to monochromatic radiation, when
the integral of the delta function is taken over the wavelength
of the laser, spectral radiance may lose its integral depen-
dence and it can be obtained by using integrating sphere
with narrow-band laser radiation.

*e current Is generated in the detector is expressed as
follows:

I
s

� 􏽚 Rs
∗
(λ)∅(λ)dλ, (2)

where Rs
∗(λ) is the spectral power responsivity of the trap

detector, and by considering the required parameters and
geometric values in Figure 2, the relation between the spectral
radiation and the radiation flux is the same as follows:

I
s

�
AsAd(1 + δ)

r2s + d2 + r2d􏼐 􏼑
􏽚 L(λ)Rs

∗
(λ)dλ,

L(λ) �
IS

R∗s (λ)

D2

AsAd(1 + δ)
,

(3)

where δ � r2s r2d/D
4 and D2 � r2s + d2 + r2d in (3) and As and

Ad are the active area of the radiation source and

detector, respectively. d represents the distance between
the radius of source rs and detector rd. In addition, Is is
the measured spectral current, L(λ) is the spectral ra-
diance, and Rs

∗(λ) is the spectral power responsivity of
the detector.

2.1. Model Used for Evaluation of the Laser-Based Radiance
Measurements. When a measurement is made to determine
the radiation power, the relationship between the output
signal and the power responsivity of a standard detector is
given as in (2). Using geometric and radiometric calcula-
tions, (3) was obtained. By using (2) and (3), and some
reductions, (4) was then obtained:

C �
AsAd(1 + δ)

r2s + d2 + r2d􏼐 􏼑
,

L(λ) �
d∅(λ)

dC
.

(4)

*e spectral radiance responsivity Rs(λ) can be changed
using spectral power responsivity, R∗s (λ); with
Rs(λ) � R∗s (λ)ΔC and (∅(λ))/ΔC � (d∅(λ))/dC, the
standard detector output signal can be obtained:
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Figure 1: Spectral radiance measurement system.
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Figure 2: Geometric identification between source and detector.
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I
S

� 􏽚 Rs(λ) L(λ)dλ, (5)

where Is(λ) is given in Ampere, Rs(λ) in A/(W/(m2·sr·nm)),
and L(λ) in W/(m2·sr·nm). Because laser radiation is very
similar tomonochromatic radiation, when the integral of the
delta function is taken over the wavelength of the laser, the
output signal of the detector is obtained as follows:

I
s

�
Rs λL( 􏼁

ΔC
Δ∅(λ), (6)

where Δ∅(λ)/ΔC � LLaser,λL
is the laser radiance for the

spectral line at wavelength λL. Note that
Is � IDetector − IDetector,Background.

When the radiance field that is obtained is transferred to
the monochromator, the output signal of the monochro-
mator is dependent on the laser wavelength and the adjusted
wavelength of the monochromator. *e obtained signal
becomes the spectral radiance responsivity function of the
monochromator RM(λM, λL). *us, the output signal of the
monochromator IM is described as follows:

I
M

� 􏽚 RM λM, λL( 􏼁LLaser, λL
dλ. (7)

Substituting for LLaser, λL
in (7), the following equation for

the unknown spectral radiance responsivity of monochro-
mator RM(λM, λL) holds:

RM λM, λL( 􏼁 �
IMRs λL( 􏼁

IS
�

IM R∗s λL( 􏼁ΔC
IS

. (8)

*e radiance field that is obtained was transferred to
the monochromator in three different fields of view
(1.7 mrad, 5mrad, and 11mrad). A Bentham Tel310
telescope was used during the transmission of the radi-
ance field. *erefore, the spectral radiance transfer
function of the monochromator system was defined based
on the telescope, fiber-optic cable, double monochro-
mator, and detector parameters.

*e monochromator system to be defined as a transfer
function is a double-case system, so three slit structures are
available, namely, the entrance, middle, and exit slits. In
order for the transmitted radiance field to give the correct
output signal, each slit range requires a suitable adjustment.
Both in theory and practice, slit ranges can be set to the
same values. However, in double monochromator systems,
the entrance slit should be wider than the exit slit, and the
middle slit should be wider than the entrance slit. *e
differences between the slit widths should not be significant.
Each of the three slits has its own special significance.
*erefore, as the exit slit is at the side where the image
occurs, it needs a maximum SNR in the smallest slit value
[17].

*e radiance field resulting from a light source is
transformed into an output signal depending on the
wavelength of the monochromator λM, radiation source λL,
and the spectral radiance responsivity function of the
monochromator RM(λM, λL). *us, if (7) is rearranged by
using the output signal IU of the unknown source from the
monochromator and the wavelength adjustment of the

monochromator λM, so RM(λM, λL)⟶ RM(λM, λM), the
result can be obtained as follows:

I
U

� 􏽚 RM λM, λM( 􏼁 L
U

(λ)dλ, (9)

where IU is the monochromator output signal at the
monochromator wavelength setting λM and LU(λ) is the
spectral radiance of the unknown source. Because LU(λ) has
a linear dependence as a function of the wavelength, LU(λ)

can be moved outside the integral.
*e spectral radiance responsivity of the monochro-

mator is taken as the integral over the wavelength setting,
and when (8) is used, (10) was obtained for the radiance
value of the unknown source:

L
U

(λ) �
IUIS

IMR∗s λL( 􏼁ΔλΔC
, (10)

where Δλ is the full width at half maximum (FWHM), which
is the spectral band-pass value of the monochromator. *e
slit spacing of the double monochromator system was ad-
justed to calculate this band-pass value.

2.2. System Characterization and Correction Factors. *e
spectral radiance formula defined in (10) should include
some uncertainty and correction factors caused by the
measurement setup in Figure 1. *ese are the wavelength
accuracy of the monochromator system, trap detector
characterization, geometric correction factor owing to the
conservation of radiance, the monochromator wavelength
shift, and the bandwidth.

*e first of these correction parameters is the wavelength
uncertainty of the monochromator. For each grating system
in the double-case monochromator system, the specified
wavelength uncertainty of the scale is determined as in
Table 1 [18].

Spectral optical power responses of the regenerated
reflection-type silicon-based trap detector were obtained
and compared with the trap detector, which was charac-
terized using electrical substitution low-temperature cryo-
genic radiometry in the National Metrology Institute of
Turkey (UME) facility [27].

*e spectral power responsivity that is obtained for
different optical power values gives us information about the
detector’s linearity and homogeneity. *e measurement
uncertainty for the detector in the k� 2 expanded mea-
surement uncertainty was calculated as 1.5% in the wave-
length range of 300 nm to 340 nm, 1.1% in the wavelength
range of 350 nm to 850 nm, and 1.4% in the wavelength
range of 860 nm to 1100 nm.

Another characterization parameter is the geometric
correction factor, which is described according to the ra-
diance conservation [28]. *e approximate Lambertian ra-
diation pattern that was obtained using the integrating
sphere and the He-Ne 632.8 nm laser was measured by the
trap detector at regular intervals from 0.05m to 0.39m. At
each point, the radiance values were determined by using
measured current values and geometric parameters with (3).
*e equation y� a× xb+ cwas derived when the power series
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second-order curve fit was made with the graph of the ra-
diance values as a function distance. Using the fit function, a
specific two-point range where the changes in radiance
values are constant was determined, and the new current
values were normalized according to these points. Because of
the new current values, the geometrical correction factor was
found between 1.2392± 0.0156 and 1.2484± 0.0158
according to the law of conservation of radiance with a
relative standard uncertainty.

When the radiance field that was obtained by using the
integrating sphere was transmitted to the double mono-
chromator system, there is a correction factor owing to the
wavelength shift of the monochromator [29]. *is wave-
length shift was characterized as in (11). *e radiance field
was transmitted along the telescope (Bentham Tel 310) at
three different fields of view (1.7mrad, 5.0mrad, and
11.0mrad) to the monochromator system defined as in
Figure 1:

CorFacWS �
1 − ΔλWCI′( 􏼁/I
1 − ΔλWCIT

′( 􏼁/IT

, (11)

where CorFacWS is the correction factor of the wavelength
shift. Here, I and IT are the current values on the output of
the double monochromator and trap detector, respectively.
In addition, the quotation mark I′ represents the first
derivation of I by wavelength. *e derivative operation was
performed by applying numerical derivative rules. Inter-
polation and central difference approximation operations
were performed, and the numerical derivative was applied to
certain wavelength values. Because of the calculations for
each field of view and the wavelength, the correction factors
that were determined by the wavelength shift are defined as
given in Table 2. In addition, the wavelength correction is
ΔλWC � Δλ1 + Δλ2, where Δλ1 is the result of the offset from
the wavelength of the monochromator and has a different
value for each wavelength. *e value defined as Δλ2 is
identical for each wavelength and is caused by system
repeatability.

Another correction factor for the monochromator
bandwidth is called the CorFacBW.*is definition is given in
(12), which corrects the triangle slit function of the
monochromator [29]. I″ refers to the 2nd derivation of the
current as a function of the wavelength. For different fields of
view, it is calculated as in Table 3:

CorFacBW �
1 − Δλ2WC(1/12)I″􏼐 􏼑/I

1 − Δλ2WC(1/12)IT
″􏼐 􏼑/IT

. (12)

For correction factor measurements that are based on
the wavelength shift and bandwidth, the reason for which

the uncertainties are smaller in large mrad values than the
small mrad values besides the radiation intensities of
different laser sources is different for each laser wave-
length. *e increase in the uncertainty of laser sources
with low radiation intensity at a low FOV is due to a
reduction in the radiation intensity when passing through
the integrating sphere and through the monochromator
system.

If the spectral radiance distribution formula of an un-
known radiation defined as in (10) is redefined, it is given as
follows:

L
U

(λ) �
IUIS

IMRs
∗ λL( 􏼁ΔλΔC

CorFac. (13)

3. Spectral Radiance Responsivity of
Measurement System

When (8) and (13) are reconsidered, the spectral radiance
responsivity value of the measurement system is reproduced
as a function of a known radiation source. *e formula
defined in (8) is the spectral radiance responsivity value
obtained by using laser-based radiation. By separately ap-
plying these two equations, spectral radiance responsivity
values were obtained for the same system. In (14), the
Bentham SRS-12 reference standard radiation source was
used, and with its value, the responsivity value of the
measurement device consisting of Tel310, fiber-optic cable,
and a double monochromator system was generated spec-
trally. L∧(λM) and I∧ are the certificate radiance value and
the current value of the monochromator output signal,
respectively, as defined in (14). *e SRS-12 reference
standard has radiance certification values at 5 nm interval
wavelength compared to the source laser wavelengths. *e
radiance values at these points were compared with the
expanded uncertainty values with the laser-based system and
generalized to the branch length region of 300 nm and
1100 nm. *e use of the SRS-12 reference radiation source
alone for the system to define the transfer function is not
accurate for the control of traceability from a metrological
point of view. *erefore, it is more accurate to use SRS-12
only for generalizing and solidifying measurements:

R
∧
M λM, λM( 􏼁 �

I∧

L∧ λM( 􏼁Δλ
CorFac. (14)

*e spectral radiance responsivity values that were ob-
tained for all three mrad FOV values were investigated in the
same wavelength range for both the laser-based measure-
ment system and the SRS12 reference-source measurement
system.*is definition describes the transfer function for the

Table 1: Results showing the measurement uncertainty for double monochromator [18].

Monochromator type Grating
(g/mm) Spectral band width, SBW (nm) Result uncertainty (nm) Expanded % 95 (k� 2) uncertainty (nm)

Double
2400 0.17 0.146 0.291
1200 0.34 0.138 0.275
600 0.68 0.146 0.293
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measurement system consisting of a Tel-310 telescope, fiber-
optic cable, the monochromator, and the Si-based trap
detector. By using this transfer function, the spectral radi-
ance of an unknown radiation source can be defined and
further radiometric and photometric quantities can be
transferred. Figure 3 illustrates the overall measurements for
all mrad FOV values for which the measurement and results
were defined.

3.1. Radiance of SRS12 Reference Source. (13) is the gener-
alized radiance equation for an unknown radiation source.
*e equation, which includes both (8) and (14), which
describes the transfer function of the system, is a general
equation.*e spectral radiance values of SRS12 with sigma-1
uncertainty and the radiance values obtained by laser-based
transfer function were compared to the same range, as seen
in Figure 4.

4. Uncertainty Budget of Spectral Radiance for
Unknown Source or Surface

In order to define parameters such as the spectral radiance,
irradiance, and power of an unknown radiation source, the
measurement uncertainty needs to be calculated. One of
the most common tools used to do this is the Guide to the
Expression of Uncertainty in Measurement (GUM), which
was published in the last available version in 2008, and is
used by many NMI laboratories [30]. *ese uncertainties
may occur during the measurement or by the devices used;

in addition, the experience of the person carrying out the
measurement may affect this situation.

*e Monte Carlo method is a relatively new method and
is a useful and practical alternative to the GUM method.
Here, the probability density function (PDF) is defined for
each measured output quantity and defines the system and
includes pseudorandom numbers. *is method is described
as GUM Supplement-1 by ISO and CIE-2006. *e proba-
bility function that is produced using mean and sigma values
for each measurement output used in the calculations can be
defined as Gaussian, rectangular, and any other distribution
type. *is calculation, which is obtained by generating
random numbers, is a practical method because it eliminates
the difficulty associated with the partial derivation when
defining nonlinear systems. In addition, when performing
calculations using the GUM method, it is necessary to in-
clude all parameters in the calculation of the model function,
so the Monte Carlo uncertainty calculation method offers
both a practical and a more precise approach than the
classical method.

4.1. Definition of Spectral Radiance Value for GUM Method.
In this study, the uncertainties of the measurements, cer-
tificate values, and other parameters in the calibration
according to the GUM [30]method were evaluated as TYPE-
A and TYPE-B. *e resultant measurement and accompa-
nying systematic or random uncertainty values were cal-
culated and placed separately within the uncertainty budget.
Finally, the uncertainty budget was completed by calculating

Table 3: Monochromator bandwidth correction factor for all mrad FOV values.

Wavelength
1.7mrad 5mrad 11mrad

Value Sigma Value Sigma Value Sigma
457 1.00E+ 00 9.12E− 03 1.00E+ 00 2.78E− 03 1.00E+ 00 3.68E− 04
477 1.01E+ 00 4.65E− 03 1.00E+ 00 7.48E− 04 1.00E+ 00 2.32E− 04
488 1.00E+ 00 5.73E− 04 1.00E+ 00 5.91E− 05 1.00E+ 00 7.35E− 04
514 1.00E+ 00 2.29E− 03 1.00E+ 00 3.77E− 04 1.00E+ 00 1.37E− 04
543 9.99E− 01 6.34E− 03 1.00E+ 00 2.38E− 03 1.00E+ 00 2.67E− 04
594 1.01E+ 00 2.60E− 03 1.00E+ 00 3.99E− 04 1.00E+ 00 2.81E− 04
604 9.88E− 01 1.98E− 03 1.00E+ 00 3.19E− 04 1.00E+ 00 3.37E− 04
612 1.01E+ 00 1.18E− 03 1.01E+ 00 4.59E− 04 1.00E+ 00 8.29E− 05
633 1.00E+ 00 1.33E− 03 1.00E+ 00 1.55E− 04 1.00E+ 00 7.98E− 05
1064 1.00E+ 00 3.08E− 04 1.00E+ 00 5.64E− 04 1.00E+ 00 4.60E− 04

Table 2: Wavelength shift correction factor for all mrad field of view (FOV) values.

Wavelength
1.7mrad 5mrad 11mrad

Value Sigma Value Sigma Value Sigma
457 9.50E− 01 3.53E− 02 9.84E− 01 3.23E− 03 9.95E− 01 3.20E− 04
477 9.92E− 01 1.35E− 02 9.98E− 01 8.48E− 04 9.99E− 01 4.05E− 04
488 9.99E− 01 2.56E− 03 1.01E+ 00 4.04E− 04 1.01E+ 00 3.47E− 03
514 9.87E− 01 3.58E− 03 9.92E− 01 7.45E− 04 9.99E− 01 2.30E− 04
543 9.86E− 01 3.00E− 02 9.82E− 01 1.26E− 03 9.91E− 01 5.89E− 04
594 9.93E− 01 5.07E− 03 9.96E− 01 7.52E− 04 1.00E+ 00 5.68E− 04
604 9.90E− 01 8.34E− 03 9.98E− 01 1.18E− 03 1.00E+ 00 1.11E− 03
612 9.85E− 01 3.89E− 03 9.83E− 01 7.79E− 04 9.87E− 01 4.57E− 04
633 1.00E+ 00 3.82E− 03 9.97E− 01 6.11E− 04 9.99E− 01 2.51E− 04
1064 1.00E+ 00 3.10E− 03 1.00E+ 00 8.97E− 04 9.98E− 01 1.38E− 03
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the sensitivity coefficient value. Uncertainty values for each
laser wavelength and three mrad FOVs used in the mea-
surement were calculated as a function of the wavelength.
Only for the 632.8 nm He-Ne laser wavelength was the
uncertainty budget defined in detail, as shown in Table 4,
and the spectral radiance values were determined in the 95%
confidence level of the k� 2 expanded uncertainty.

4.2. Definition of Spectral Radiance Value for GUM Supple-
ment-1 Method. When the function that defines the mea-
surement system is linear, the GUM method offers an easy

solution, but when the function that defines the system is not
linear, the Monte Carlo [31] method is more practical be-
cause the partial derivation of the output quantities
according to each input quantity makes the calculations
difficult. In addition, all of the uncertainty components in
the GUM method need to be defined within the uncertainty
budget, and these are more complex than the Monte Carlo
method.

Each measurement quantity y and the accompanying u
(y) sigma values were defined by a PDF with random
numbers according to the type of change, and the sigma
value of the Gaussian function formed after its replacement
in the function describing the system gives us the associated
measurement uncertainty value.

For each mrad FOV, a Monte Carlo operation was
performed and the uncertainties corresponding to spectral
radiance values at the laser wavelength were calculated. A
histogram distribution was also defined for the radiance
value obtained for 1064 nm, as shown in Figure 5, and a
Gaussian fit function was applied to it.

5. Results and Discussion

*e spectral radiation values of an unknown light source
were determined by defining the spectral transfer function of
the measurement system, and the expanded uncertainty
value that is associated with the radiance value was defined
using both the classical approach and the Monte Carlo
approach.

In this study, a laser-based spectral radiance system was
established, and this system was transferred to a system that
has a telescope, a double monochromator system, and a
silicon detector; thus, the spectral radiance transfer function
of the system was obtained. By using this transfer function,
the spectral radiance value of any radiation source having
homogeneous radiation can be obtained.

During the radiance measurements, three different types
of gas laser radiation were sent to the integrating sphere,
which has a 0.15m surrounding diameter, a 0.02m exit port
diameter, and is covered inside with BaSO4 (barium sulfate
has the ability to reflect 99%). *e radiations at the exit port
of the integrating spheres have approximately the Lam-
bertian distribution. *is radiation having a Lambertian
distribution was sent over a reflection-type silicon-based
trap detector with an aperture diameter of 0.08m from a
certain geometric distance to obtain radiance values at each
laser wavelength point.

Because of all measurements, a comparative uncertainty
calculation for both cases by using both GUM method and
Monte Carlo method is given in Table 5. Although there are
calculations for each mrad FOV, Table 5 only gives results
for 11mrad values.

*ese radiance values were transferred to the double
monochromator system as a laser-based reference. *is was
done using a telescope and fiber-optic cable with three
different FOV values, namely, 1.7, 5.0, and 11.0mrad.
Figure 3 shows that the spectral radiance transfer function
was obtained for different FOV values. *e results obtained
with this measurement have some differences in the FOVs at
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the same wavelength, which is due to a decrease in laser
power values and a decrease in the FOV values.

In order to determine the radiance value of a radiation
source, a spectral transfer function that was obtained was
used for different FOVs. Figure 4 shows that spectral ra-
diance values were obtained using both the transfer function
of the system and certificate values of the SRS12 spectral
reference radiance source. *e results show that both the
certificate and the measurement results have very close

values. *is measurement setup can be used not only for the
radiation source but also for the surface where the radiation
reflected.

Because lasers have low power at some wavelengths, the
power transmitted to the system at small FOVs will be less,
so the uncertainty is high in these regions, as given in
Figure 6. However, it is seen that the distribution of un-
certainty of the other general regions is between 4.5% and
6%.

Table 4: k� 2 expanded standard uncertainty budget for 632.8 nm in the 11mrad FOV.

Uncertainty
component
(Xi)

Sym Measured
values (xi)

Unit

Standard
measurement
uncertainty

(u(xi))

Unit
Sensitivity
coefficient

(Ci)
Unit

Uncertainty
contribution

(ui(y))

Variance
(u2

i (y))

Trap detector
responsivity R∗ 3.3170e – 01 A/W 3.6487e− 03 A/W −1.0316e+ 00 W2/A·m2·sr·nm −3.7640e− 03 1.4167e− 05

Geometric
constant ΔC 6.1421e – 07 m2·sr 1.2536e− 08 m2·sr −5.5711e+ 05 W/(m2·sr2·nm −6.9841e− 03 4.8777e− 05

Detector
output signal Is 2.3811e – 07 A 7.8377e− 11 A 1.4371e+ 06 W/A·m2·sr·nm 1.1263e− 04 1.2687e− 08

Spectrometer
output signal Im 2.8013e− 10 A 1.9801e− 13 A −1.2215e+ 09 W/A·m2·sr·nm −2.4187e− 04 5.8500e− 08

Unknown
output signal IU 1.7669e− 10 A 6.4885e− 13 A 1.9366e+ 09 W/A·m2·sr·nm 1.2566e− 03 1.5790e− 06

Wavelength
band pass Δλ 2.6500e+ 00 nm 1.0000e− 02 nm −1.2912e− 01 W/m2·sr·nm2 −1.2912e− 03 1.6673e− 06

Correction
factors δR 1.2301e+ 00 — 3.7718e− 04 — 1.0000e+ 00 — 3.7718e− 04 1.4227e− 07

Repeatability δR 3.6793e− 01 W/
m2·sr·nm 5.5423e− 04 W/

m2·sr·nm 1.0000e+ 00 — 5.5423e− 04 3.0717e− 07

Sum (W/m2·sr·nm) 6.6404e− 05
Total measurement uncertainty (W/m2·sr·nm) u(L(λ)) 0.0081
Expanded measurement uncertainty (W/m2·sr·nm) U(L(λ)) 0.0163
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Spectral radiance for 11mrad FOV
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Figure 5: Plot showing 1064 nm spectral radiance histogram distribution and associated Gaussian fit function. *e mean value of the
function is the spectral radiance value 0.25424 (Wm−2·sr−1·nm−1), and one sigma value of it is 0.007315 (Wm−2·sr−1·nm−1).
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*is study was investigated as an internal project in the
TUBITAK-UME optical laboratory. In our country’s radi-
ometry and photometry fields, it aims to eliminate the
dependence on foreign sources by creating a traceability
chain. In this way, the correct radiometric and photometric
measurements of all radiating materials can be calculated by
measuring the conversion to all units with low uncertainty.

6. Conclusion

*e spectral radiance traceability chain was created, and the
radiance value of any radiation source or the surface of an
unknown radiance value can be described with ease. In this
study, to find a spectral transfer function, uncertainty values
were defined by a 95% confidence level by both the classical
method and Monte Carlo method.

*is study is a guide towards the derivation of radio-
metric and photometric measurement units, which are the

basis for all optical power measurement systems equipment
in laboratories serving Ar-Ge, military, metrology, or in-
dustry. In addition, the Monte Carlo uncertainty, which is
often preferred by many national metrology laboratories in
recent days, is a guide for calculations.
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