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Abstract
Ultraviolet (UV) irradiancemeasurements are usually associatedwith large inaccuracies and
uncertainties complicating the comparability of correspondingmeasurement equipment and its data.
For supervisors or safety experts, though, it ismandatory tomeasure reliableUV irradiances with
regard to occupational safety regulations. The followingwork aims at an intercomparison offive
different types of spectroradiometers regarding their wavelength alignment and irradiance accuracy in
theUV spectral region that provides the reader with information on how to determine and compare
themeasurement accuracies of their own devices. In afirst step,measurements of twoUV irradiance
standards, a deuterium and a halogen lamp, were carried out. The percentage deviations of the
measured total UV irradiances from their calibrated ones are smaller than±10% for all spectro-
radiometers. The quality of wavelength accuracy as well as of the spectral bandwidth, both investigated
bymeans of a lowpressuremercury argon lamp are consistent with those stated by themanufacturers.
In a second step, UV radiation from ametal active gas welding arcwas examined at three distances in
combinationwith a variation of welding current and arc length to check the behaviour ofUV
irradiance accuracy infield. The overall averaged standard deviation of thesefieldmeasurements for
all CCDarray detectors is given by±8%. For highwelding currents this accuracy decreases to±21%.

1. Introduction

It iswell known that ultraviolet (UV) radiation emittedbywelding arcs is highly hazardous forwelderswith adverse
health effects [1, 2] even for new techniques [3].Whereas thewelderhimself has towear personal protective
equipment peopleworkingnearbyor passing theweldingplace are usually not considered tobe at risk although
welding arcs emit long-rangeUVradiation. Fromanoccupational safety point of view theUVexposure for these
largenumberof suchpassers-by and adjacentworkplacesmust be taken into account. Therefore, in the beginning of
2015 the realizationof aEuropeanPEROSH (Partnership forEuropeanResearch inOccupational Safety andHealth)
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researchproject focusingon the ‘Exposure ofWorkers to Indirect IR andUVRadiationEmitted byArcs, Flames and
ThermalRadiators’ (indIR-UV) started. Scientists fromAustria (leadership), France,Germany, Italy, Poland and
Spainparticipate in this partnershipfinally aiming at an improvementofworking conditions.

Thefirstmeasurements showed, though, that each institute has a different laboratory equipmentwith either
UV specialized devices, instruments with a large accessible wavelength range or (spectro-) radiometers designed
for fast and easy use. Among the PEROSHpartners, questions ofmeasuring accuracy10 and comparability of
irradiance values came up immediately.

Consulting literature reveals that somework already has been donewith respect to the accuracy of optical
devices. For example, Leszczynski et al described the results of their international intercomparison of
erythemally weighted radiometers [5]. A similar workwas published ten years later byHuelsen et al [6].Most
articles can be found regarding the comparability of optical devices formeasuring solar radiation [7–10]. The
ThematicNetwork forUVMeasurements regularly treats the topic ofmeasuring uncertainty and accuracy in
theirUVNEWS since 1998 [11]. In addition, there are also detailed analyses ofmeasurement uncertainties such
as temporal and temperature instabilities, nonlinearities in the signal, cosine error and so on [12–15]. These are
just a few contributions and the listing is far frombeing complete. But all of thementioned intercomparisons
focus on solarUV irradiancemeasurements which lackUVC radiation and start withwell-defined initial
situations i.e. recently calibrated optical devices with knowledge about their calibration uncertainties.

For this work, we choose amore practical approach. The aimwas to check the comparability of
spectroradiometers (and radiometers)within the European occupational safety community in their actual state
to account for every day usagewithUV radiation sources like lamps orwelding arcs [16, 17] and to allow the
reader to decide on his ownwhich device to use forwhat purpose (laboratory orfieldmeasurements).
Consequently, the present article does not deal with the topic ofmeasuring uncertainty butwith an
intercomparison offive different types of spectroradiometers regarding theirmeasuring accuracies of absolute
UV irradiance and their wavelengthmisalignments. The outcome of this intercomparisonwill give the reader an
idea of the reliability ofUV irradiancesmeasured in laboratory or at workplaces, especially with regard toUV
exposure limit values.

For this purpose, standard deuterium and halogen lamps (test of irradiance accuracy) aswell as a low
pressuremercury argon lamp (test of wavelength alignment)were used for laboratorymeasurements. To grant
access to awide dynamic range and to verify in real life situations theUV radiation from aMAGwelding arcwas
investigated as a function of welding current and arc length at three distances. Results for radiometers and their
usability in laboratory or at workplaces will be presented in a second article currently in preparation [18].

Finally, it is important to emphasize that this work’sfindings cannot be generalized entirely for all
spectroradiometers of each type or for all configurations of oneCCDarray detector. Evenmore, itmight appear
that themeasurement accuracies of identical spectroradiometers with exactly the same configuration do not
matchwith each other. Associated reasons can bemanifold, for example, after delivery of a new device its ability
to perform accurate UVmeasurements can get lost just during transport or due to an improper subsequent in-
house calibration.

2. Technical details

2.1. Spectroradiometers
Besides well knownCCDarray detectors that are commonwithin the PEROSHgroup like e.g. the Instrument
SystemsCAS140CT-152 recently launched devices are also in use, see table 1.Most of these spectroradiometers
are equippedwith cooled back-thinnedCCDchips except for theULS2048XL and the Spectis 5.0 Touch, the
latter being internally temperature corrected. Both devices also have special stray light correction procedures:
Spectis 5.0 Touch uses the ‘Optical Straylight Reduction’methodwhereas the spectral data of theULS2048XL
get post-processed [19]. The BTS2048-UV-S utilizes edge filters and the other spectroradiometers reduce the
amount of stray light by their individual design of theCrossedCzerny Turner spectrograph.

The accessible wavelength region dl clearly indicates that all spectroradiometers are able tomeasure in the
lowerUVC regime.However, the BTS2048-UV-S is optimized forUVmeasurements, the CAS140CT-152 can
also detect visible light and the other devices even reach the near infrared spectral region. It is obvious that there
is a strong correlation between the physical resolution of theCCDchip, themaximum dl and the resulting
lFWHM (FWHM: FullWidth atHalfMaximum). For example, the BTS2048-UV-S covers the smallest
wavelength rangewith 2048 pixels and, consequently, shows the best spectral bandwidth. Those devices with the

10
We refer to ISO/IECGuide 98-3:2008(E) that defines accuracy as ‘closeness of the agreement between the result of ameasurement and a

true value of themeasurand’ [4]. The termuncertainty expresses e.g. the standard deviation.
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same number of pixels but broader dl have larger lFWHM. Spatial dimensions as well as theweight of the optical
devices are also listed in table 1 to allow the reader to compare portability and field of use, respectively.

Notice that the input optics of the Instrument SystemsCCDarray detectors have two different cosine errors
f2, EOP-140 (EntranceOPtics, devices 5a and 5b, =f 90%2 ) and EOP-120 (device 6, =f 61%2 ), and their
cosine correction is weak. In contrast, devices 1–4 are cosine corrected verywell. All input optics are equipped
with polymer diffusors suitable forUVwavelengths. Regarding thewelding arc as a point source and assuming
that the flickering of thewelding arc is the dominant reason ofmeasurement uncertainty thus neglecting
influences ofUV reflections or ambient light contributions, the kind of input optic will play aminor role.

Spectral irradiance andwavelength calibrations were performed either by themanufacturer or in-house by
each operator itself. For the in-house irradiance calibration, standard deuterium and halogen lamps, all traceable
to national orNIST (National Institute of Standards andTechnology) standards, have been used in
combination.

In general, themain parameters to get a good signal-to-noise (S/N-) ratio are integration time and spectra
averaging number thatwere set up individually for each spectroradiometer and for every single weld labelled
with a running number n. An overload of theCCDarray aswell as signal levels below 20% are
counterproductive with regard to the S/N-ratio and have been avoided. Some of the spectroradiometer’s
operators performed severalmeasurements during one single weld. The corresponding repetition numbers are
also listed in table 1.

2.2. Standard radiation sources
Standard deuterium and halogen radiation sources with low burning periods (intended for annual
spectroradiometer calibration, only)were used for the intercomparison of spectroradiometers. The Bentham
CL3UV spectral irradiance standard containing a 30Wdeuterium lampwas calibrated at the end of 2014, the
150WCL6 quartz halogen lamp (alsomade by Bentham) inmid of 2012. TheCL3 lampprimarily emits in the
spectral range below∼285 nm, see figure 1. Consequently, for purposes of calibration, it is recommended to use
a radiation sourcewith higherUVA irradiance output in addition, e.g. theCL6 lamp.Here, l( )E increases for
l > 250 nm with amaximum close to 800 nm (not shown infigure 1) that generates a lot of stray light,
unfortunately.

Furthermore, thewavelength alignment of theCCDarray detectors were checked. Therefore, a 10W low
pressuremercury argon lamp (HgAr-lamp)was used and emission lineswith high (253.65 nm, labelled as
emission line I) and low (334.15 nm, II) irradiance aswell as a double line (maximumat 404.66 nm, III)were
chosen.

Table 1.Technical data of the testedCCD array spectroradiometers according to themanufacturers. Due to simplicity, an internal number
(no.) is assigned to every device. All spectroradiometers are equippedwith a back-thinnedCCDchip. The corresponding number of pixels,
spectral (dl) and dynamic ranges (dE) as well as the spectral bandwidth lFWHM are given in the tabular. To allow comparing of portability,
dimensions L × W × H andweightm of the devices are listed, too. Regarding the input optics, the FieldOfView or the cosine error f2 are
presented (if available). The lower part of the table shows spectroradiometer settings with regard to integration time and spectra averaging
number. Automatic ormanual integration time setting aswell as themeasurement repetition number (if available) are given in parentheses.
Devices no. 5a and 6were set to 70%–90%and 50%–70%CCD saturation accompanied by the listed ranges of integration times.

No. 1 2 3 4 5a, 5b, 6

Device BTS2048-UV-S QE65000 Spectis 5.0 Touch ULS2048XL CAS140CT-152

Company Gigahertz-Optik OceanOptics GLOptics Avantes Instrument Systems

# pixel 2048 1044×64 2048 2048 1024×128

dl (nm) 200–430 220–980 200–1050 200–1000 200–800

lFWHM (nm) 0.8 1.6 2.5 2.5 2.7

dE 109 <1010 107 <1010 1010

L ×W × H (cm) 10.3×10.7×5.2 18.2×11.0×4.7 11.1×21.0×5.8 17.5×11.0×4.4 19.2×33.0×34.8
m (kg) 0.5 0.45 1.5 0.855 ∼10

FOV/f2 - 3%  -180 - < 1.5%  -180 5a, 5b:- 90%

6:- 61%

calibration manufacturer in-house manufacturer in-house 5a: in-house

5b, 6:manufacturer

int. time 0.1–2 s (auto) 100 ms (man) 1–10 s (man) 0.18–1.2 s (auto) 5a: 0.04–1 s (auto)
5b: 20–500 ms (man)
6: 10–60 ms (man)

# av. spectra 1–5 8 8 (3–16) 2–30 5a: 1–10 (3)
5b: 10

6: 16–100 (7–56)
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2.3. Experimental setup
Measurements of spectral irradiances emitted by the standard radiation sources were performed at distances of
14 mm (CL6) and 200 mm (CL3), both distances were determinedwithmetal spacers of appropriate length, and
less than 5 cm (HgAr-lamp). Assuming that the length accuracy of the spacers as well as their positioning
between the lamps and the spectroradiometers result in a distance uncertainty of 0.5 mm, the CL6 irradiances
are accompanied by an error of7% that has to be taken into account for an evaluation ofmeasurement
accuracy. The0.5% irradiance error for theCL3 lamp, though, will be neglected. Furthermore, the exit
windows of the lamphousings and the input optics of the spectroradiometers were aligned using a laser beam.
Due to the low irradiance emissions of all lamps and to avoid ambient light contributions the air-conditioned
laboratorywas darkened.

The Instytut Spawalnictwa (Institute ofWelding) inGliwice, Polandwas selected as location for the field
measurements. At that institute, ametal active gas (MAG)welding arcwas examinedwithin the current range of
120–350 Awith corresponding voltages ranging from15 to 35 V. The arc lengthwas adjusted automatically
according to the parameters of theweldingmachine: 10 mm for 120 A, 15 mm for 160, 180, 220 and 250 A, and
20 mm for 300 and 350 A. Thewelding additive was aG3Si1 electrodewire according to EN ISO14341. The
shielding gaswas amixture of 82%Arwith 18%CO2. All welding runswere performed on a rotating steel tube
so that the arc was stationary. Backgroundmeasurements (bg)were performed regularly ( =n 0, 15, 25, 47)
and subtracted subsequently from the spectral irradiances.With device no. 4, an individual bgwasmeasured for
everyweld.

The input optics of the optical devices (including radiometers [18])were positioned at an average height of
(1.45± 0.03)m, see figure 2, with thewelding spot being located 1.07 m above thefloor, to account at least to
some extent for the polar angle dependence of thewelding arc [20]. All input optics were focused on thewelding
spot by amodified laser pointer. In order to have access to a larger dynamic range dE three detection distances
were selected: (2.59± 0.03)m, (3.47± 0.03)mand (4.12± 0.03)m, these values being averaged over all device
positionswith corresponding standard deviations.

3. Interlaboratory test

In this section, experimental results of themeasurements performed in laboratorywill be presented beginning
with a check of wavelength calibration quality. Afterwards, the accuracy of absolute irradiancemeasurements
will be analysed.

Figure 1. Semi logarithmic spectral irradiances l( )E of theCL3UV spectral irradiance standard ( ) and of the halogenCL6
lamp ( ). Both radiation sources cover approximately two orders of calibrated irradiance, with higher output of theCL3 lamp

below about 285 nm.

Figure 2.Arrangement of spectroradiometers during themeasurements in the Institute ofWelding together with their internal
numbers given in table 1 or 2. Radiometers that will be discussed elsewhere [18] are depicted, too.
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3.1.Wavelengthmisalignment of spectroradiometers
For a quantification of wavelengthmisalignment the absolute deviations of the actual emission line positions
were calculatedwith regard to the target wavelengths given in section 2.2.Moreover, based on the high intensity
line at 253.65 nm, the spectral bandwidth lFWHM was determined, too. Corresponding data are presented in
table 2. Best results were achievedwith the BTS2048-UV-S:measured emission line positions deviate by just a
few tens of picometers and the spectral bandwidth is even better than stated by themanufacturer. The
ULS2048XL shows similar results but with a larger lFWHM. A comparison of theCAS140CT-152
spectroradiometers equippedwith two different input optics does not reveal any particular differences: the
absolute line position deviations are comparable and the bandwidth is close to the stated value of 2.7 nm, see
table 1. Thewavelengthmisalignment of theGLOptics spectroradiometer (device no. 3) is comparable to those
of the Instrument Systems devices.

Device no. 2, theOceanOpticsQE65000, could resolve emission line I with a bandwidth of only 1.09 nm,
however, it seems that thewhole wavelength calibration is shifted by~2.4 nm to shorter wavelengths. It is
important to note that such awavelengthmisalignment can lead to large errors of unweighted aswell as of actinic
irradiances, for example, in the case of the solar spectrum. For this work, though, an assessment of a typical
MAGwelding spectrummeasured by theQE65000 revealed a~2% underestimation of the effective irradiance.
Similar conclusions can be drawn for the total irradiances of the CL3 (~4%) andCL6 lamp (<1%).
Consequently, theQE65000 spectrawere not shifted by+2.4 nm but analysed in their original state.

3.2. Analysis of spectral irradiance accuracy
Subsequent to thewavelength alignment check, the test of irradiance accuracy startedwith theCL3UV spectral
irradiance standard, figures 3(a) and (b). Spectral irradiances l( )E measured by the BTS2048-UV-S (no. 1) and
theQE65000 (no. 2) are close to the calibrated irradiance l( )ECL3 of the deuterium lamp. Spectral differences,
though, are hard to recognize. Therefore, itmakes sense to define the percentage deviationwith regard to the
calibration data according to

l
l l

l
D =

-
´( ) ( ) ( )

( )
( )E

E E

E
100. 1CL3,CL6

CL3,CL6

CL3,CL6

The corresponding results for theCL3 lamp are depicted infigure 3(c). lD ( )ECL3 for the BTS2048-UV-S is close
to zero percentage deviation and lies within a±10% regime. Thefluctuations above∼350 nmare caused by a
small denominator l( )ECL3 . Percentage deviation for theQE65000 (no. 2) is also small with regard to theCL3
irradiance standard althoughwavelengths shorter than 220 nmare lacking and no conclusions can be drawn for
the deepUVC region. Interestingly, Spectis 5.0 Touch (no. 3) andULS2048XL (no. 4), those devices with the
largest accessible wavelength ranges, show a virtually linear dependency in lD ( )ECL3 with values ranging from
−20%up to+10%, reflecting to some extent the accuracy of prior irradiance calibration and especially for
l < 250 nm theUVCdetector sensitivity.

In general, similar results are obtained for theCAS140CT-152 spectroradiometers, see figures 3(b) and (d).
Evenmore, small lD ( )ECL3 values are achieved for l > 350 nm. However, two of the devices showdeviations
reaching−20%below about 230 nm.As themeasurement conditionswere always the same, this finding
originates from an inadequate prior calibration in theUVC spectral region. Note that device 5a has been
calibrated in laboratorywhereas both other spectroradiometers were sent to themanufacturer. An influence of
equipped input optics is not recognizable.

Figures 3(e) and (f) present the calibrated spectral irradiance of theCL6 radiation source, l( )ECL6 , as well as
the CL6 spectrameasured by several optical devices. Correction of stray light workswell for the BTS2048-UV-S
(no. 1), the Spectis 5.0 Touch (no. 3), and theULS2048XL (no. 4) spectroradiometers, see figure 3(g): their

Table 2.Absolute deviations ofmeasured emission line positions with regard to
the target wavelengths (I) 253.65 nm, (II) 334.15 nm, and (III) 404.66 nm. The
spectral bandwidth lFWHM of the high intensity line (I) is also shown. All values
are given in nm.

No. Device I II III lFWHM

1 BTS2048-UV-S 0.02 0.01 0.03 0.69

2 QE65000 −2.34 −2.41 −2.53 1.09

3 Spectis 5.0 Touch −0.11 0.29 0.62 2.40

4 ULS2048XL 0.06 0.09 0.11 2.19

5a CAS140CT (EOP-140) 0.35 −0.15 0.34 2.97

5b CAS140CT (EOP-140) −0.25 −0.25 −0.26 2.92

6 CAS140CT (EOP-120) −0.32 0.17 −0.34 2.67
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spectra showpercentage deviations lD ( )ECL6 close to−10%, discrepancies below∼275 nm result from small
l( )E values and an l »( )E 0CL6 . The percentage deviation lD ( )ECL6 below∼330 nm rises to values of 1000%

(not shown) for theQE65000 (no. 2). In particular for this tested device, stray light correction does notwork
properly. The accuracy of irradiancemeasurements within deviation limits of 0 to−10%does not differ
particularly above∼300 nm for the Instrument Systems devices, see figure 3(h). Again, lD <( )E 300 nmCL6

increases up to∼250%as a result of the small denominator l( )ECL6 in combinationwith stray light.
Note that all of these results do not solely reflect the quality of stray light correction but the consequences of

inaccuracies in prior irradiance calibrations, too.Moreover, there seems to be an almost constant-10% shift of
DECL6 above~300 nm that either originates from a systematic positioning error or from an irradiance loss of
the CL6 lamp, see section 5.1.

3.3. Total irradiance comparison
For a thorough analysis of the spectral deviations presented in section 3.2 it is useful to integrate the irradiances
l( )E of themeasured spectra aswell as of the standard radiation sources,

Figure 3.Comparisonof the spectral irradiances l( )E of (a), (b) aCL3 deuteriumand (e), (f) aCL6halogen radiation sourcemeasured
by the spectroradiometers listed in table 1. According to (1), the spectral percentagedeviationswith regard to the calibrationdata are
given in frames (c), (d) and (g), (h). Solid black lines represent zero deviationwhereas dotted lines are drawn to visualize aD = E 10 %
regime.Note the different scaling of the spectral irradiance andpercentagedeviationordinates in (a), (b) and (e), (f) and (c), (d) and (g),
(h), respectively.
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ò l l=
l

l
( ) ( )I E d . 2ij

i

j

Here, the symbol Iwas chosen not to get confusedwith spectral irradiances l( )E although the denomination Eij

typically is assigned to total irradiances. Thewavelengths lij are given by l = 200 nm1 , l = 280 nm2 ,
l = 315 nm3 and l = 400 nm4 dividing thewholeUV spectrum ( ≔I IUV 14) intoUVC ( ≔I IUVC 12), UVB
( ≔I IUVB 23) andUVA ( ≔I IUVA 34) as it is used throughout the literature. Consequently, in analogy to (1), the
percentage deviations of the total irradiance values follow as

D =
-

´ ( )I
I I

I
100. 3ij

CL3,CL6 ij ij
CL3,CL6

ij
CL3,CL6

This is a comfortable quantity to analyse the accuracy ofUV irradiancemeasurements. The calculated
percentage deviations are listed in table 3.

With  - DI8.90% 1.65%UV
CL3 , good agreement prevails for the entire UV spectral region of theCL3

lamp. Positive percentage deviations appear for the BTS2048-UV-S and theQE65000whereas all other
spectroradiometers detect too little UVC irradiancewith regard to theCL3 deuterium lamp resulting in negative
DIUV

CL3 values. An overall tendency inDIij
CL3 for theUVA andUVB spectral regions is not recognizable. Focusing

on the Instrument Systems devices, the effect of prior irradiance calibration becomes observable: while device
no. 5a agrees well with theCL3UV irradiance,DIUV

CL3 increases for spectroradiometer 5b and reaches the largest
deviation for CAS140CT-152 (EOP-120), device no. 6. All Instrument Systems spectroradiometers show
negativeDIij

CL3.
Despite the high amount of visible radiation thus of stray light from theCL6 lamp, the total UV irradiances

DIUV
CL6 range from−9.46% to−5.25%.Here, theQE65000 (no. 2) has not been considered due to its bad stray

light correction and the resulting huge errors of 61%and 386% in theUVB andUVC regions, respectively, that
lead to a positiveDIUV

CL6. However, theQE65000 shows the smallestDIUVA
CL6 . The presence of stray light is

depicted by the highDIUVC
CL6 values of several other devices, too. Lowest deviations are achieved by BTS2048-UV-

S andULS2048XL. Except for the Spectis 5.0 Touch and theULS2048XL, those devices with the largest accessible
wavelength ranges all spectroradiometers show an increase inDIij fromUVA toUVC, in contrast to thefinding
for theCL3 lamp. Several reasons could explain this outcome, e.g. the prior irradiance calibration, the detector
sensitivity, the quality of stray light correction, the constant-10%CL6 irradiance loss, the decreasing
denominator I CL6, or a combination of all or just part of this enumeration. The actual cause, though,must
remain openwithout any further experiments.

4.UV irradiancefieldmeasurements

Requirements for spectroradiometers changewith regard tofieldmeasurements. For example, there can be
differentmeasurement geometries (distances, viewing angles) or strongly flickering welding arcs accompanied
by immense fluctuations in theirUV radiation emission. Consequently, the spectroradiometers had to be able to
gather irradiance values under such conditions evenwhen ambient light is present.With the outcome of the
interlaboratory test in the previous chapter inmind the question ofmeasurement accuracy underfield
conditions arises.

Usually, the detection ofUV radiation infield, for example at workplaces, aims at the determination of
biologically effective (actinic) irradiancewith regard to risk analysis. This is carried out bymultiplying l( )E with
the so-called actinic action spectrum l( )S that weights UVB andUVCmuch stronger than compared toUVA
radiation [21]. The resulting effective irradiance Eeff is calculated according to

Table 3.DeviationsDIij in% according to (3) for UVA,UVB,UVCand thewholeUV spectral region. Columns 3 to 6 represent values
calculatedwith regard to theCL3 calibration standard, those from column 7 to 10 refer to theCL6 lamp. For the latter radiation source, the
UVC spectral region is limited to 250–280 nm. The spectroradiometer QE65000 can detect spectral irradiance above 220 nm, only.

CL3 (deuterium) CL6 (halogen)

No. Device DIUVA DIUVB DIUVC DIUV DIUVA DIUVB DIUVC DIUV

1 BTS2048-UV-S 2.64 0.88 1.60 1.65 −9.20 −8.11 8.96 −8.83

2 QE65000 1.53 2.29 −0.30 0.44 −3.13 60.89 385.65 7.81

3 Spectis 5.0 Touch 7.89 6.19 −8.02 −4.49 −6.34 −10.88 −33.32 −7.10

4 ULS2048XL 5.90 1.26 −9.16 −6.15 −9.46 −13.57 9.07 −9.46

5a CAS140CT-152 (EOP-140) −1.26 −1.52 −1.40 −1.39 −9.70 −2.37 39.66 −8.37

5b CAS140CT-152 (EOP-140) −9.42 −4.90 −6.80 −6.18 −7.97 6.53 95.07 −5.25

6 CAS140CT-152 (EOP-120) −2.70 −4.35 −10.56 −8.90 −8.36 0.05 44.78 −6.89
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Instead of presenting these absolute effective irradiances, an analysis of the percentage ratio ρ of the device
specific Eeff with regard to themean value Eeff of all spectroradiometers, r = E Eeff eff , provides a tool to
evaluate over-or underestimations ofmeasured irradiances.

Infigure 4(a), the percentage ratio ρ of theMAGwelding arc investigation is depicted as a function of
measurement number n for each device. For ‘moderate’welding currents I 250 AC infigure 4(b) the
percentage ratios of the spectroradiometers are close to themean value (100%) and rangewithin an averaged
standard deviation of = rs 7.8%. However, this accuracy changes for higherwelding currents investigated in
measurements number 19–28 and 51–55.Here, spectroradiometer no. 3mainly underestimates the irradiance
whereas others (no. 1 and 2) overestimate it. The ρ values of theULS2048XL are either close to themean
( = –n 19 28) or lie below thes regime. These findings originate from the fact that the higher IC the stronger the
fluctuations of the radiation emission of thewelding arc. Consequently, depending on integration time and
spectra averaging number of each spectroradiometer, see table 1, as well as on starting time of data acquisition
the calculated ρ values then reflect either an instant record or a time averaged ‘mean’ value of theflickering
welding arc, see section 5.2.

Focusing on ‘high’welding currents, i. e. I 300 AC , =n 63 and 64 also attract attention. Although their
percentage ratios ρ are close to or evenwithin the±7.8% regime the absolute values of irradiance (not shown)
did notfit to other welds with comparable parameters. This was also the case for =n 52. Examining the
measurement conditions, therewere no peculiarities like extraordinary welding parameters or intense sunlight
incidence. Itmight be that some problem appearedwith the rotating tubemechanismnot having been
recognized by thewelder. Consequently, thewelds =n 52, 63 and 64were not taken into account for the
following analysis.

Table 4 summarizes the results offigure 4(a). The average percentage ratios r with regard to all 62
measurements aswell as their overall standard deviations rs are listed for each spectroradiometer. As already
mentioned above, r is an indicator whether the device over-or underestimates the irradiationwhereas rs reflects
the ‘stability’ of the spectroradiometer. Interestingly, the BTS2048-UV-S that showedminor deviationswith
regard to theCL3 deuterium lamp, see table 3, nowhas the highest r value. Device no. 3 seems to be the less
stable onewith = rs 12.0%. Concerning theULS2048XL, continuous bg data acquisition did not result in
improved r or rs values. The Instrument Systems spectroradiometers are comparable among each other.
Overall, the percentage ratios range from95.8%up to 107.1% and the overall standard deviations are within
±12.0%. Averaging rs over all spectroradiometers provides the totalfieldmeasurement accuracy given by
= rs 7.8%. A different procedure of data averaging can be performed by taking all ´ =7 62 434 irradiance

values into account at once. The resulting standard deviation denoted as sn is 8.1%.

Figure 4. (a)Overview of all =n 65 percentage ratios ρ of theUV radiation emission from aMAGwelding arc for each device no. 1 to
6. The averaged standard deviation of the completefieldmeasurement campaign is given by = s 7.8% as indicated by the horizontal
dashed lines and the vertical double arrow at the right ordinate. Dotted lines are drawn to allow for an easier assignment of ρ ton.
Frame (b) depicts the change of welding current IC withmeasurement number. Those n ranges with >I 250 AC accompanied by a
significant increase in ρ aremarked as hatched areas. Background (bg)measurements are indicated by vertical arrows. The detection
distance d increased from2.59 m ( n 24) over 3.47 to 4.12 m ( n 47).
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Besides a variation of thewelding current IC, a change of the detection distance dnot only is quite typical for
fieldmeasurements but can test the dynamic range of the spectroradiometers, too, as irradiance typically is
proportional to -d 2. Figure 5 visualizes the effective irradiances Eeff as a function of welding current at three
distances. Irrespective of the truemathematical ( )E Ieff C description that can be linear, square, exponential, or
sigmoidal [22], here, the focus lies onmeasurement accuracy. Strongfluctuations of the arc due to the applied
high currents that already have been present infigure 4 emerge infigure 5, once again. Despite of these effective
irradiances no general trend can be found depending on IC or d and error bars are small. Overall, the standard
deviations rangewithin±21%.

5.Discussion

5.1. Interlaboratory test
One of the dominating effects on spectral UVmeasurement is given by quality and type of prior irradiance
calibration. For example, the CCDarray detectors from Instrument Systems are intended formeasurements of
UV aswell as visible light. Consequently, it is necessary to perform the calibration procedure with a broadband
radiation source like a halogen lamp taking into account higherUVC irradiancemeasurement errors. Device no.
5a, however, was calibratedwith superimposedCL3 andCL6 irradiance data resulting inminor deviations with
regard to the spectral irradiance of the deuterium lamp and in lowerDIUVC

CL6 values for the halogen lampwhen
comparedwith devices no. 5b and 6.Of course, the choice of edgewavelength between both spectral irradiance
standards plays a crucial role for the quality of this calibration procedure.

In contrast to the irradiance calibration that can be checked and corrected regularly, the amount of out-of-
range (OoR) and in-range stray light and its considerationwith regard to spectral irradiance is given by the
device itself (or the data has to be post-processed). OoR stray light occurs when themeasuredUV irradiance is

Table 4. Summary of the r ( )n data presented infigure 4(a).
The average percentage ratio r as well as the corresponding
overall standard deviation rs , both given in%, are listed.

No. Device r  rs

1 BTS2048-UV-S 107.1 7.7

2 QE65000 101.8 9.5

3 Spectis 5.0 Touch 95.8 12.0

4 ULS2048XL 98.1 7.1

5a CAS140CT-152 (EOP-140) 101.3 8.3

5b CAS140CT-152 (EOP-140) 96.9 4.7

6 CAS140CT-152 (EOP-120) 98.7 5.2

rs (mean rs ) 7.8

sn (Eeff data) 8.1

Figure 5.Effective irradiances Eeff as a function ofwelding current IC and distance d. Standard deviations are given as numbers and
visualized by dashed lines. Corresponding error bars are shownwhen they exceed the symbol size, only. Note that the depicted
irradiance data are taken from figure 4.

9

J. Phys. Commun. 2 (2018) 015028 S Bauer et al



comparatively small with regard to the visible or IR part of the spectrum and thus has to be taken into account
mainly for theCL6 radiation source. The BTS2048-UV-S, the Spectis 5.0 Touch, and theULS2048XL are
equippedwithworkingOoR stray light correction by using edge filters, see figure 3. For theCCDarray detectors
of Instrument Systems, stray light emerges in themeasured spectra of the CL6 lamp. Stray light correction does
notwork properly for theQE65000 that is not suited for accurateUVCmeasurements in presence of high
amounts of visible radiation (in contrast to radiation sources with dominatingUV emission like theCL3 lamp).

Overall, it seems that all spectroradiometers detect less UVA irradiance than compared to the calibrated
irradiance of theCL6 lamp, see figures 3(e) and (f). Unprecise distances or poor alignments can be excluded as
systematic errors because the length of theCL6 spacer was determined accurately and themeasurement place
was set up again for every device, the latter producing a statistical and not a systematic error. One possible reason
could be a loss of irradiance due to ageing [12] although the last calibration has been in 2012 and theCL6 lamp
has not been used extensively.

5.2. Fieldmeasurements
Therewas a tendency to higher percentage ratios ρwith increasing welding currents. This is due to the fact that
some spectroradiometers performed in ‘automode’ adapting the integration time before each single
measurement while for some other devices it had to be setmanually, see table 1. In both cases, highwelding
currents accompanied by high irradiance values led to shorter integration times. Consequently, the averaging
effect across theflickeringwelding arc gets lost and each spectroradiometermeasures another part of the flicker,
thus, getting higher deviations among each other.

The operator of the spectroradiometer itself also plays amajor role. The time of data acquisition start is a
crucial factor because detection of the arc ignition can lead to ´10 enhanced Eeff values than compared to the
rather stable arc phase after some seconds of welding. This ‘overshoot’ is evenmore pronounced for high
welding currents IC. Consequently, individualmeasurement uncertainties can rise up to 40%. Although the
European standard EN14255-1 [23] ‘allows’ a30%maximumpermissible uncertainty ofUVmeasurements
being compared to exposure limit values it is important to note that especially for strongly flickeringwelding arcs
severalmeasurement scenariosmust be performed for a reliable risk assessment.Moreover, as theUV exposure
limit values are given in terms of radiant exposure = ·H E t [21], a typical exposition scenario has to be
investigated to receive a representative irradiance valueE.

Overall, the results of figure 4 clearly demonstrated that reliable irradiance data can be found formoderate
welding currents within an averaged standard deviation of7.8% and intercomparability is given for the tested
spectroradiometers.

6. Concluding remarks

Irrespective of individual technical irradiancemeasurement problems the accuracy of tested spectroradiometers
ranged in between±10% for lab conditions, in good agreementwith other studies [8, 10].Measurements in real
life situations, e. g. withfluctuations ofUV radiation emission from awelding arc provided an intercomparison
of spectroradiometers with a standard deviation of±8%. It is obvious that one high precision laboratory
calibration is amuch bigger challenge for the accuracy of spectroradiometers than severalmultiple-averaged
fieldmeasurements. In case of highwelding currents themeasurement accuracy decreased to±21%. This
mainly depends on thewelding scenario, the spectroradiometer settings, as well as on the operator itself.
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