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Abstract

Objectives. Quality control of instruments for measuring bactericidal irradiance of ultraviolet (UV) radiation is based
on studying the main metrological characteristics. These characteristics include: angular and spectral sensitivity;
linearity range; and absolute calibration in irradiance units. Deviations of the angular sensitivity of measuring
instruments from the ideal cosine characteristic can significantly impact error estimation. They can also lead to the
distortion of measurement results and a significant difference in instrument readings. The aim of this work is to
enhance accuracy in resolving metrological problems of determining irradiance of bactericidal radiation.

Methods. An effective method of resolving this problem is to introduce correction coefficients for the angular
sensitivity of radiometers, spectroradiometers and dosimeters. The values are calculated based on the results
of measurements on the goniometer when testing measuring instruments. An important role is played by computer
models and digital twins of measuring instruments based on the results of studies of the metrological characteristics
of radiometers by means of software. This includes modeling the measuring task.

Results. The study of angular dependence of bactericidal UV radiometer sensitivity complemented by an analysis
of measurement results obtained by other authors allows determining the value of the angular sensitivity correction
coefficients by the deviation of the angular sensitivity of the irradiance measuring instruments of bactericidal radiation
from the standard cosine dependence.

Conclusions. Deviations of the angular dependence of bactericidal radiation UV radiometer sensitivity from the
cosine characteristic lead to a significant underestimation of the irradiance measurements results from extended
emitters. An effective solution is the use of digital angular sensitivity correction coefficients to measure the irradiance
of bactericidal radiation determined during tests. When assessing the quality of radiometers, spectroradiometers and
dosimeters for bactericidal radiation, incomplete control of the main metrological characteristics of the measuring
instruments creates risks of serious errors in the measurement results of bactericidal irradiance.

Keywords: angular sensitivity correction, radiometers, spectroradiometers, spectral sensitivity, bactericidal
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Pe3iome

Llenu. KoHTponb kayecTBa CpencTs naMepeHuii 6akTepuumMaHoi OCBELLEHHOCTU ynbTpaduonetosoro (YD) ns-
Jly4eHNs1 OCHOBaH Ha MCCNefOoBaHNUM OCHOBHbIX METPOJIOMMYECKNX XapakTePUCTUK, BKITIOHAIOLLNX YIIOBYIO U Crek-
TpasibHYl0 YyBCTBUTENBHOCTb, AMana3oH JIMHEAHOCTU, abCOSIOTHYIO KannbpoBKY B eOuHULAX SHEPreTUyYeckom
0oCBeLLeHHOCTN. Hanbornbluee BAMSHME Ha NPeaen A0MNyCckaemMol NorpeLlHOCTN 0Ka3biBaloT OTKIIOHEHWS YT IOBOWA
4YyBCTBUTENBHOCTN CPEACTB U3MEPEHUN OT NAEANbHOM KOCUHYCHOM XapakTePUCTUKKN, MPUBOASALLNE K NCKAKEHUIO
pe3ynbTaToB U3MEPEHUIA N CYLLLECTBEHHOW pa3HuULE B NOKa3aHUsAx Npnbopos. Lienbio paboThl ABNSETCS MNOBbILLE-
HME TOYHOCTU CPEACTB U3MEPEHUI MPU PELLEHNN METPOSIONMYECKMX 3a4a4 ONpeaeneHns SHEPreTnyeckom ocee-
LLLEEHHOCTN BaKTEPULIMOHOMO N3JYHEHNS.

MeTtoabl. OPPEKTUBHLBIM METOAOM peLLeHUs NpobnemMbl SBNsSeTcs BBeAeHne KoabdULUMEHTOB KOPPEKLUUM Yriio-
BOW YyBCTBUTENBHOCTU PAAMOMETPOB, CIEKTPOPAANOMETPOB N JO3UMETPOB, 3HAYEHNS KOTOPbIX PACCYUTBIBAKOTCS
no pesynbTatam N3MepeHnii YyBCTBUTENIbHOCTN Ha FOHNOMETPE NPU UCAbITAHUAX CPEACTB n3MepeHuit. bonbLuyio
pOsb UrpaeT NCNOIb30BaHNE KOMMbIOTEPHbLIX MOAENEN U LMDPOBbLIX ABOVHUKOB CPEACTB M3MEPEHUI Ha OCHOBE
pe3ynbTatoB UCCNEA0BAHUIA METPOIOMMYECKNX XapakTEPUCTMK PaguOMETPOB C MCMOb30BAHNEM NPOrPaMMHOro
obecneyeHus, BKIOYAOLLErO MOAENNPOBAHNE N3MEPUTESIbHOW 3aa4ML.

PesynbTartbl. llccnepoBaHue yrnoBolii 3aBMCUMMOCTU YYBCTBUTENBHOCTUM GakTepuumpaHblx Y®-pagnomeTtpos
Ha FOHMOMETPE N aHaNM3 PEe3yNbTaToOB N3MEPEHUI, NONYYEHHbIX APYTMMU aBTOPaMu, MO3BOASIOT MO OTKIIOHEHUIO
YrnoBOl YyBCTBUTENLHOCTU CPEACTB U3MEPEHUI 3HEPreTUHECKOM OCBELLEHHOCTU GAKTEPULIMOHOIO U3Ny4eHUs
OT CTaHAAPTHOW KOCUHYCHOM 3aBUCUMOCTM ONpeaennTb 3Ha4yeHne KoadPrLnMeHToB KOPPEKLIMN YriI0BOM YyBCTBU-
TEeNbHOCTU.

BbeiBoAbl. OTKJIOHEHUS YITOBOW 3aBMCUMMOCTU YyBCTBUTENBHOCTN Y®P-paanomeTpoB 6aKTeEpPULMAHOIO U3NYy4YeHUs
OT KOCUHYCHOW XapakTepUCTUKN NPUBOAAT K CYLLECTBEHHOMY 3aHMXKEHUIO pe3ynbTaTOB N3MEPEHUI SHepreTnye-
CKOW OCBELLEHHOCTUN OT MPOTSAXEHHbIX U3nydatenei. APdEKTUBHbIM peLleHeM NpPobaemMbl ABASETCS UCMOMb30-
BaHMe KO3DOUMEHTOB LMDPOBON YrNOBON KOPPEKLMN YYBCTBUTENBHOCTU CPEACTB U3MEPEHUI SHEPTrETUYECKON
OCBELLEHHOCTN BaKTEPULMAHOIO U3NyYEHUS, ONPEENSIEMbIX NPU UCMbITaHUSAX. [py OLeHKke KavyecTBa paavome-
TPOB, CMNEKTPOPAANOMETPOB U A03UMETPOB BAKTEPULNOHOINO U3NYYEHUS HEMOJIHBLINA KOHTPOb OCHOBHbLIX METPO-
JIOTMYECKUX XapaKTEPUCTUK CPEeACTB N3MEPEHUI CO30AET PUCKN CEPbE3HBLIX OLUMOOK B pe3ynbTaTtax U3MepeHui
aHepreTnyeckor bakTepuumMagHO OCBELLEHHOCTH.

KnioueBble cnosa: Koppekuna er'IOBOI7I H4yBCTBUTEJIbHOCTU, PaAMOMETPbI, CNEKTPOPaANOMETPLI, CrNeKTpaJibHasA

HyBCTBUTEJIbHOCTb, 6aKTepI/ILI,I/1LI,HbIe YCTaHOBKWU
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npOSpa'-IHOCTb d)l/lHaHCOBOVI AeaTesibHOCTU: ABTOpr HEe UMeloT d)l/lHaHCOBOVI 3anHTEepPeCcoBaHHOCTW B nNpeacTaB/lieH-

HbIX MaTepumnanax nnm Mmetogax.

ABTOpbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

The wuse of bactericidal irradiation facilities
in medicine, photobiology, photochemistry, and
pharmacology, especially during the COVID-19
pandemic, has shown the need for increased requirements
for the quality control of ultraviolet irradiators,
as well as means of measuring energetic and effective
bactericidal irradiance.!

Tubular low-pressure mercury lamps are used
in bactericidal complexes as the sources of ultraviolet
(UV) radiation. More than 60% of the radiation flux falls
on the resonance line with a wavelength of 253.7 nm,
located in the range of maximum bactericidal action
of UV radiation from 230 to 300 nm [1]. The advantages
of using low-pressure mercury lamps are associated
with the position of the maximum bactericidal action
of UV radiation on destructively modified DNA and
RNA damage corresponding to a wavelength of 265 nm.
Currently, along with low-pressure mercury lamps,
bactericidal UV irradiators based on xenon pulse emitters,
LEDs, and high-pressure mercury lamps are increasingly
being used [2].

CHARACTERISTICS OF BACTERICIDAL
RADIATION MEASURING INSTRUMENTS

In order to ensure the quality of bactericidal
irradiation facilities, the mainradiometric characteristics
need to be monitored. This includes: the spectral
density of the radiation flux of bactericidal radiation;

energy illuminance; exposure dose; photobiological
hazard; and the rate of decrease of the bactericidal
radiation flux. Radiometers, spectroradiometers and
dosimeters are used as measuring instruments to control
one of the main characteristics of UV emitters: energy
effective bactericidal illumination [3-5].> Problems
relating to the formation of metrological characteristics
of measuring instruments of bactericidal effective
illuminance are related to the legislative and technical
documents. These documents are also based on the
research of mnational metrological institutes and
contain requirements for the quality assurance
of measurements.> % 3 ¢

An integrated approach to quality management
of measuring instruments for measuring the
characteristics of the bactericidal UV radiation includes:

e optimization of quality control methods for
UV radiometers during the lifetime of measuring
instruments with the use of digital technologies
during verification and calibration;

e risk and opportunity management in the
measurement of bactericidal irradiance through the
characterization of measuring instruments related
to the practical measurement task;

e development of methods for statistical quality
control and consumer evaluation of bactericidal
irradiance measuring instruments;

e application of computer models for assessing the
quality of measuring instruments when confirming
conformity to existing technical regulations and
standards.

' Clark M., Zuber R., Ribnitzky M. Far UV-C Germicidal Sources: Measurement Challenges and Solutions. UV Solutions. 2022.
https://uvsolutionsmag.com/articles/2022/far-uv-c-germicidal-sources-measurement-challenges-and-solutions/. Accessed November 01,

2023.

2 Miller C.C. UVC Measurement Methods & UVC Documentary Standard Development. National Institute of Standards and
Technology. Washington, DC: U.S. Department of Energy; 2022. https://www.energy.gov/sites/default/files/2022-02/ssl-rd22_miller

guv.pdf. Accessed November 01, 2023.
3

GOST R 8.760-2011. State system for ensuring the uniformity of measurements. Measurement of energy and the effective

characteristics ultraviolet radiation germicidal irradiators. Procedure of measurements. Moscow: Standartinform; 2019 (in Russ.).
https://docs.cntd.ru/document/1200095426. Accessed November 01, 2023.

4 RMG 70-2003. GSOEIL. Characteristics of ultraviolet radiation of bactericidal irradiators. Methodology for performing
measurements. Moscow: IPK Izdatelstvo standartov; 2004 (in Russ.). https://docs.cntd.ru/document/1200037656. Accessed

November 01, 2023.

3 R 50.2.018-2001. GSOEI. Measuring instruments of ultraviolet radiation characteristics of bactericidal irradiators. Methods
of verification. Moscow: Gosstandart; 2001 (in Russ.). https://docs.cntd.ru/document/1200029414. Accessed November 01, 2023.
¢ Ultraviolet air disinfection. Techn. Report CIE Central Bureau. Vienna. Austria: 2003.
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Non-compliance with the requirements of standards
and recommendations during practical measurements
can lead to differences in the readings of devices
of different types, as well as to a loss of accuracy
and reliability of measurement results. The technical
committees on standardization of the Federal Agency
for Technical Regulation and Metrology are responsible
for the development of standards and recommendations
covering methods of quality control of measuring
instruments of bactericidal radiation characteristics.’
The main metrological characteristics determining
the quality of measuring instruments of bactericidal
radiation include: angular dependence of radiometer
sensitivity; spectral dependence of sensitivity; linearity
range; as well as absolute calibration in units of energy
illumination. These can be compared to the state primary
standards related to the approved state verification
schemes.

When assessing the quality of radiometers,
spectroradiometers, and dosimeters for bactericidal
radiation, the incomplete control of basic metrological
characteristics of measuring instruments can create
risks of serious errors in the results of measurements
of energetic bactericidal irradiance. The deviation
of relative spectral sensitivity of radiometers from
the relative bactericidal efficiency of UV radiation
can significantly impact the accuracy of measuring
instruments for bactericidal radiation characteristics.
In works on quality assessment of measuring
instruments for bactericidal radiation characteristics
in the national metrological institutes, special attention
is paid to one of the most important characteristics:
the angular dependence of sensitivity. Deviation from
the ideal cosine characteristic is the primary cause
of errors in measurement results [6—8].

METHOD FOR MEASURING THE ANGLE
DEFINITION OF THE BACTERICIDAL
UV RADIATION RADIOMETERS SENSITIVITY

Resolving matters relating to the correction of the
angular dependence of the sensitivity of measuring
instruments is especially important when controlling
the energy illumination from several radiation sources.
It is also significant when evaluating the bactericidal
efficiency of extended UV emitters and dimensional
panels. When UV radiation falling on the receiving
surface of the radiometer deviates from the normal,
the radiometer signal decreases. This is because the
projection area of the photodetector in the direction
of the incident flux decreases in accordance with
the cosine relationship. The problems of ensuring
accuracy and reliability of the results of practical

7 https://www.rst.gov.ru/portal/gost (in Russ.). Accessed
November 01, 2023.

measurements of energy illumination of bactericidal
radiation are associated with the fact that commercially
available radiometers have angular dependence
of sensitivity. This can differ significantly from
the ideal cosine dependence of sensitivity. Various
types of goniometers are used to control the angular
sensitivity of radiometers, spectroradiometers and
UV dosimeters [9].

The required angular correction of the sensitivity
of short-wave UV radiation receivers in radiometers,
spectroradiometers and dosimeters is a technically
difficult task, requiring the development of special
devices. Figure 1 shows the angular dependence of the
sensitivity of various types of germicidal UV radiometers
No. 1, No. 2, and No. 3, as well as the ideal cosine
dependence of the sensitivity cos ¢ [7, 10].

As shown in the diagrams, the decrease
in sensitivity of radiometer No. 2 reaches 50% at an
angle ofincidence of radiation @ on the receiving surface
of the radiometer of 30°. At an angle of incidence
of 45°, the decrease in sensitivity reaches 75%. The
sensitivity of radiometer No. 1 is completely absent
at angles of incidence exceeding 75°. This limits
its application in water treatment systems at short
distances from the radiator. In the area of large angles
of incidence of radiation (with a sharp decrease in the
levels of radiometer signals proportional to sensitivity)
the influence of scattered radiation on the results
of measurements of the relative angular sensitivity
of the radiometer increases significantly.

A general view of the goniometer for measuring the
dependence of the radiometer sensitivity on the angle
of incidence of UV radiation is shown in Fig. 2.

Deviation flgp) of the angular sensitivity of the
UV radiometer S(¢) from the standard function cos o,
expressed in percent, is determined by the expression:

flop) =100% [cos @ — S(¢)]/cos . D

Figure 3 shows the results of measurements
of deviations f{p) of angular sensitivity of bactericidal
radiation radiometers No. 1, No. 2, and No. 3 from the
standard cosine characteristic.

Deviationsoftheangulardependence ofthesensitivity
from the cosine characteristic are presented in Fig. 3.
The deviations of angular dependence of sensitivity
from the cosine characteristic indicate a significant
underestimation of the results of measurements
of energy illuminance from extended emitters when
using commercially available UV radiometers
of bactericidal radiation. In order to exclude systematic
error, coefficients of angular correction of sensitivity
must be used which enable the distortion of the results
of measurements of energy bactericidal irradiance to be
compensated.
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DETERMINATION OF THE COEFFICIENTS
OF ANGULAR CORRECTION
OF THE UV RADIOMETER SENSITIVITY

The radiometer signal is determined by integrating
the energy brightness spectral density (EBSD) over
the area of the radiator within the working solid angle,
taking into account the spectral and angular dependence
of the radiometer sensitivity. The equation describing the
signal of a radiometer (spectroradiometer, dosimeter)
of bactericidal UV radiation can be represented in the
following form:

i=N [ [][L0.8,95(,0)d5 d)dodQ, (2)
Qy oA d

where A is the wavelength; d is the radiating area of the
UV radiation source; Q is the solid angle; L(A, 6, Q)
is the EBSD of the bactericidal UV radiation source;
S(A, @) is the spectral and angular dependence of the
radiometer (spectroradiometer, dosimeter) sensitivity);
N is the dimension coefficient; 5, is the total area of the
radiating region of the bactericidal UV radiation source;
Q, is the total solid angle determined by the angular
dimensions of the bactericidal UV radiation source.

The sensitivity angular correction coefficient
K(p) of the radiometers is presented in Fig. 1. This
is determined by the results of measurements of the
angular dependence of sensitivity. It is intended for the
maximum correction of the results of measurements
of energy illumination of bactericidal UV radiation
arising due to technically imperfect design of diffuse
diffusers in the measuring instruments.

The angular correction coefficient of radiometer
sensitivity is equal to the ratio of the signal of an ideal
radiometer ,,(¢), This has a standard cosine dependence
of sensitivity to the signal of a real radiometer i (¢):

K(@) = i;4(9)/i(9). 3

In most cases, the relative EBSD ofradiation sources
and the relative spectral sensitivity of radiometers
do not depend on the direction of radiation of the
source, or the angle of incidence of radiation on the
photodetector. In this case, the angular sensitivity
correction coefficient is determined by the angular
dependence of the radiometer sensitivity S(¢) and
the angular dependence of the source EBSD L(3, Q)
according to the expression:

j j j L(3,Q)cos pdd dQ d¢
Q) 8y
j j j L(3,)S(9)dddQ de
9

K(9)= “4)

When the radiometer is used to measure the energy
illumination produced by a small-diameter tubular
bactericidal emitter, the sensitivity angle correction
coefficient K(¢) is determined by the following formula:

I I L(3,0)cospdd do

K(g)=22 :
@ []LG.0S@)ds do ®

<P50

The use of the angular sensitivity correction
coefficient taking into account geometric conditions
of measurements enables the systematic error
of correction of angular sensitivity of radiometer
(spectroradiometer, dosimeter) to be radically reduced.
This thus compensates for the technical shortcomings
of measuring instruments, and excludes any significant
variations of measurement results of energy illumination
of bactericidal UV radiation by different measuring
instruments.

Table presents the results of calculating the values
of the angular correction coefficients of sensitivity
of UV radiometers No. 1, No. 2, and No. 3 obtained
in accordance with expression (5) for low-pressure
mercury lamps. The results depend on the maximum
angle of deviation of the incident radiation flux from the
normal from 10° to 70° to the receiving surface of the
radiometer.

Table. Values of angle correction coefficients
of UV radiometers sensitivity

Maximum deflection angle, °
10 20 30 | 40 | 50 60 | 70
Radiometer No. 1| 1.01 | 1.03 | 1.04 | 1.05| 1.08 | 1.16 | 1.26
Radiometer No. 2| 1.07 | 1.13 | 1.31 | 1.50| 1.70 | 1.08 |2.00
Radiometer No. 3| 1.03 | 1.06 | 1.13 | 1.18 | 1.23 | 1.31 |[1.39

UV radiometers

The data presented in Table shows that the results
of measurements of energy illuminance of bactericidal
radiation of mercury tube lamps by radiometers
of different types will differ significantly from each
other.

These results indicate that, in order to meet the
requirements of the normative documents® for an angular
sensitivity correction error of 4%, the coefficients K(¢)
for radiometer No. 1 at angles of incidence exceeding
40° need to be used. For radiometer No. 2—at angles
of incidence exceeding 0°, and for radiometer No. 3—at

8 Miller C.C. UVC Measurement Methods & UVC Documentary
Standard Development. National Institute of Standards and
Technology. Washington, DC: U.S. Department of Energy; 2022.
https://www.energy.gov/sites/default/files/2022-02/ssl-rd22_miller
guv.pdf. Accessed November 01, 2023.
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angles of incidence exceeding 10°. Radiometer No. 1 is
characterized by the smallest error of angular correction
of sensitivity from those presented in Table. For
radiometer No. 2, the coefficients of angular correction
of sensitivity at any angles of deviation of the incident
radiation from normal must be used.

It is difficult to ensure the accuracy of measurements
when the emitters are located in the center of the room
and the energy illuminance of bactericidal radiation
needs to be measured in the corners of the room.
This is also the case when the emitters are located
in the corners of the room and the energy illuminance
is measured in the center [8]. The influence of the
quality of the radiometer’s angular response on the
measurement results is less in the case when the
radiometer is directed to the center of the extended
emitter. Here the main contribution to the measurement
results is made by UV radiation incident at angles close
to the normal with respect to the radiometer’s receiving
surface. The radiation falling on the radiometer receiving
surface at large angles to the normal is also lateral to the
peripheral radiating region of the radiometer and its
contribution is relatively small.

The application of interlaboratory comparisons
of measuring instruments of the characteristics of the
bactericidal radiation produced by tubular mercury
lamps allows discrepancies in the measurement results
to be identified. Discrepancies can be significantly
reduced by using the coefficients of angular correction
of sensitivity.’

When creating digital doubles of measuring
instruments for energy illuminance of bactericidal
UV radiation, the use of sensitivity angular correction
coefficients in the list of basic metrological characteristics
of the radiometer allows the accuracy and reliability
of measurement results to be achieved without the
development of complex quartz diffusers.

Evaluation of random and systematic errors
of measurement results after introduction of angular
correction coefficients of radiometer sensitivity
is carried out in accordance with GOST R 8.736-201110,
The tolerance limit of error of bactericidal radiation
radiometers is established in accordance with the
requirements of national and international standards.
This limit is estimated based on the results of studies
of the error components of the main metrological
characteristics of UV radiometers (spectroradiometers,

9 Krames M. The rise of UV-C LEDs. LEDs & SSL
Magazine. July 24, 2020. https://www.ledsmagazine.com/leds-
ssl-design/article/14178371/technology-roadmap-shows-uvc-
leds-are-onthe-rise. Accessed November 01, 2023.

10 GOST R 8.736-2011. State system for ensuring the
uniformity of measurements. Multiple Direct measurements.
Methods of measurement results processing. Main positions.
Moscow: Standartinform; 2013 (in Russ.). https://docs.cntd.ru/
document/1200089016. Accessed November 01, 2023.

dosimeters). They include: angular and spectral
dependence of sensitivity; deviation from linearity
of sensitivity in the operating dynamic range; and
absolute calibration in units of energy illuminance. The
limit of tolerance of measuring instruments of energy
bactericidal irradiance is 10%. This takes into account
the systematic error of angular correction of sensitivity
which is not more than 4%.

In order to estimate the random error of the angular
sensitivity of the radiometer, measurements on the
goniometer are repeated after rotating the radiometer
relative to the optical axis. The unexcluded systematic
error in the angular correction of the radiometer
is estimated by taking the following into account: the
angular resolution of the goniometer; the nonlinearity
of'the sensitivity; the sensitivity threshold of the radiation
receiver; the instability of the energy brightness of the
transmitter; and the level of scattered radiation.

For spectroradiometers, the problem of providing
angular correction of sensitivity is associated with a small
angle of view due to the use of diffraction gratings. This
makes it difficult to use spectroradiometers in monitoring
the characteristics of bactericidal irradiation facilities
without an integrating sphere [11, 12].

The most effective step in ensuring quality
by reducing the systematic error of means used
to measure the characteristics of bactericidal
UV radiation is to introduce coefficients of angular and
spectral correction of sensitivity These must take into
account the complexities of applied measurement tasks
when using digital models and digital twins in the future.

CONCLUSIONS

Analysis of the problem of quality control
of bactericidal irradiators shows the need to ensure
angular correction of sensitivity of radiometers,
spectroradiometers and dosimeters. This is associated
with a significant revision of methods and means
of measuring the energy illuminance of UV radiation,
in order to meet the requirements of existing regulatory
documents.

An efficient solution to this problem is the use
of correction coefficients of angular sensitivity
of radiometers, determined during the type approval
tests of measuring instruments.

The most progressive method in the future
of increasing accuracy when resolving metrological
problems of energy illumination of bactericidal radiation
will be the use of computer models and digital doubles
of measuring instruments. These will be based on the
results of studies of basic metrological characteristics
of radiometers, spectroradiometers and dosimeters
with the use of software for modeling measurement
conditions.
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The experience of national metrological institutes  based on the use of correction factors of angular and

in Russia and abroad shows the need to enhance  spectral sensitivity of UV radiometers.
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