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Abstract

Objectives. The investigations of optical radiation sources and metrological detector characteristics in the
infrared (IR), visible, and air ultraviolet (UV) spectral regions are partially based on the unique metrological properties
of synchrotron radiation. The aim of this work is to develop a high-precision method for determining the storage
ring accelerated electron number with synchrotron radiation of a single electron to establish spectroradiometry and
photometry units.

Methods. By determining the number of accelerated electrons, any storage ring can be used to calculate the
synchrotron radiation characteristics at wavelengths of many large then the critical wavelength in the visible, air UV,
and IR regions of the spectrum. This makes it possible to determine the main metrological characteristics normalized
to the number of electrons, such as luminous intensity, luminance, illuminance, radiant power, radiance, irradiance,
etc., regardless of the energy of the electrons.

Results. When applying the method for determining the number of accelerated electrons at low currents of the
electronic storage ring, a total standard deviation of the number of accelerated electrons is less than 0.01% for an
exposure range of the CCD matrix from 1072to 3 - 103 s in a wide dynamic range of 1-101° electrons per orbit.
Conclusions. The use of a CCD-based radiometer-comparator calibrated by responsivity on a synchrotron
radiation source is particularly relevant in monitoring luminance contrast thresholds and spatial distribution of
object and background brightness, as well as determining metrological characteristics of optoelectronic measuring
instruments, including CCD cameras, radiometers, spectroradiometers and photometers.

Keywords: synchrotron radiation, responsivity threshold, luminance contrast, luminance spatial distribution,
measuring instruments
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Pe3iome

Llenu. NccnepoBaHme METPONIOrMYECKUX XapPaKTEPUCTUK MCTOYHUMKOB U MPUEMHUKOB OMNTUYECKOrO U3My4eHUs
B MHppakpacHon (LK), Buanmoii n 6nmxHein ynstpadunonetosoin (YP) obnactax crnekrpa B 3Ha4YMTESIbHOW Mepe
OCHOBaHO Ha 1CMOJIb30BaHUW YHUKAJbHbIX METPOJIOMMYECKNX CBONCTB CUHXPOTPOHHOIO 13nyyeHus. Liensio paboThl
SIBNSIETCS PA3BUTME BbICOKOTOYHOINO MeTOAA ONPEeaeneHNs YMCna YCKOPEHHbIX 9N1IEKTPOHOB HAKOMUTENBbHOIO KOJb-
112, OCHOBAHHOIO Ha MUCMOMb30BaHUN CUHXPOTPOHHOIO U3NyYEeHNs OTAENbHOIO 3/1EKTPOHA AJ19 BOCMPOU3BEAEHMS
€OVHUL, BENIMYNH CNEKTPOpaanomMeTpumn n GoToMeTpun.

MeToabl. OnpeneneHe Yncna yCKoOpeHHbIX 3JIEKTPOHOB NMO3BOJISET A5 NI060ro HaKOMUTENBHOIO KOJbLia Paccym-
TaTb XapakTEPUCTUKN CUHXPOTPOHHOIO U3y4EeHUS Ha ASIMHAX BOJSIH, HAMHOIO 6ONbLUMX KPUTUHYECKOM AJIMHBI BOJIHBI,
T.e. B BUOUMOW, 6nvxHen YP- n MIK-obnacTtax cnekrtpa. 1o obecneynsaeT BO3MOXHOCTb, BHE 3aBMCUMOCTU OT
SHEepPrun 3NeKTPOHOB, ONPEAENNTb HOPMUPOBAHHbBIE HA YMCIIO SIEKTPOHOB OCHOBHbIE METPOIONMYECKME XapakTe-
PUCTUKM, TAKME KaK CUJIa CBETA, APKOCTb, OCBELLEHHOCTb, CUla U3Ny4EeHUs1, SHEpreTn4eckas OCBELLEHHOCTb, SHEP-
reTuyeckast SpkocTb 1 Apyrue.

PesynbTartsl. [[pyMeHeHne MeToaa onpeaeneHns YnNCcaa YCKOPEHHbIX 3/1IEKTPOHOB NPU MasbiX TOKax 3/1eKTPOHHO-
FO HAaKOMUTENLHOrO KOJbLA NMO3BONSET 06ECNeynTh B LUMPOKOM AMHaMuYeckoM avanasoHe 1-1010 anektpoHos Ha
opbuTe 3HauYeHe CyMMapHOro cpeagHekBaapaTuiyeckoro otTkiioHeHms He 6onee 0.01% ons guana3oHa aKCno3nuni
Np1BOPOB ¢ 3apsaoBoi cBa3blo (M3C-matpuupl) oT 1072 0o 3- 103c.
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BeiBOoAbl. [pyMeHeHe pagrMomMeTpa-koMnapaTopa Ha ocHoBe Teneckona ¢ N3C-maTpuueli, oTkanMbpoBaHHOIo
Mo YyBCTBUTENIbHOCTM Ha UCTOYHUKE CUHXPOTPOHHOMO U3MTy4eHNsi, 0COBGEHHO akTyasibHO MPY KOHTPOJIE MOPOroBbIX
3HAYeHW APKOCTHOrO KOHTpAacTa U MPOCTPAHCTBEHHOIO pacnpeaeneHns spkoct o6bekTa 1 GoHa, a Takke onpe-
OeneHns MeTPOosIorM4ecKmX XapakTepucTIK ONTUKO-31eKTPOHHbIX CPeAcTB M3MepeHuit, Bkitodasa N3C-kamepsl, pa-

OVOMETPbI, CNEKTPOPAAMOMETPLI U HGOTOMETPbI.

KnioueBble cnoBa: CUHXPOTPOHHOE NU3Mly4EHNE, MOPOr YYBCTBUTENBHOCTU, IPKOCTHbBIN KOHTPACT, MPOCTPaHCTBEH-

HOE pacnpeneneHne apkoCcTn, CpeacTsa N3SMepPEHUNn

e Moctynuna: 05.06.2023 » Aopa6oTaHa: 23.06.2023 ¢ MNMpuHaTa k onyonukoBaHuio: 11.07.2023

Ana uumtnpoBaHua: Curos A.C., JlasapeHko E.P., lonosaHoBa H.B., Munaesa O.A., AHesckuii C.1., MuHaes P.B.,
MywkuH M.10. lcnonb3oBaHMe CUHXPOTPOHHOTO U3NTYy4YEHUS OTAENIbHOMO 31IEKTPOHA /15 CNEKTPOPaauOMETPUM ONTrnye-
ckoro amanasona. Russ. Technol. J. 2023;11(5):71-80. https://doi.org/10.32362/2500-316X-2023-11-5-71-80

Mpo3spayHocTb pMHAHCOBOWM AeATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTU B MPEACTaB/IEH-

HbIX MaTepuanax nnm MetToaax.

ABTOpbI 3aBASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

The solution of topical spectroradiometry and
photometry problems is based on the use of reference
sources and receivers of radiation in the infrared (IR),
visible and ultraviolet (UV) regions of the spectrum [1-3].
Spectroradiometry methods play an important role in
various fields of science and technology, including
plasma diagnostics, photochemistry and photobiology,
as well as astronavigation, Earth remote sensing, solar
activity diagnostics, the study of fluid properties in
the terahertz range, localization of remote objects, and
nanoelectronics [4, 5].

Despite the success of national metrology
institutes (NMIs) in creating spectroradiometry
standards, significant difficulties are faced when assessing
the quality of radiometers and photometers used in
scientific research, as well as when evaluating efficiency
and risks involved in UV radiation and photometric
characteristics of emitters in areas of production,
transport, labor protection, sanitary and epidemiological
surveillance, etc. [6—8]. International key comparisons
of K2c¢ absolute spectral sensitivity of reference
detectors UV radiation conducted by the International
Bureau of Weights and Measures (BIPM) showed that,
out of 14 participants, NMIs Physikalisch-Technische
Bundesanstalt! (Germany), VNIIOFI? (Russia), and
NIST? (USA) meet accuracy requirements in the spectral
range of 200400 nm [9, 10].

Blackbody models and synchrotron radiation
sources are used as primary standards for photometry
and spectroradiometry units in the infrared, visible, and

I https://www.ptb.de/cms/en.html. Accessed June 05, 2023.

2 All-Russian Research Institute of Optical and Physical
Measurements. https://www.vniiofi.ru/ (in Russ.). Accessed
June 05, 2023.

3 National Institute of Standards and Technology. https://
www.nist.gov/. Accessed June 05, 2023.

air-ultraviolet regions of the spectrum [11, 12]. However,
due to the limitation of the radiance temperature of the
blackbody model to 3500 K, it is not possible to extend
the working spectral range into the short-wave UV
region of the spectrum, while the radiance temperature
of synchrotron radiation is regulated by changing the
energy of the electrons from thousands to tens of millions
of degrees Kelvin.

The  determination  of  photometry  and
spectroradiometry units by primary standards are
associated with a number of problems on which leading
NMIs have been working for many years. For example,
the blackbody model requires a determination of the
radiation temperature, accurate registration of weak
fluxes of UV radiation against the background of
powerful IR radiation, and ensuring the equal luminance
of the emitting area. When using a synchrotron as
a reference emitter, it is necessary to ensure the accuracy
of electron beam diagnostics.

When using cryogenic radiometers as primary
reference receivers, the main errors are related to low
responsivity and heat exchange between the receiving
cavity, housing and superconducting elements, as
well as the need to compare radiation fluxes across
a wide dynamic range [13]. The high intensity of
synchrotron radiation, absence of lines in the spectrum,
and high radiance temperature allow the use, along
with a cryogenic radiometer, of an ionization chamber
and a Golay detector [14]. In addition, synchrotron
radiation can be used to conduct metrological studies
of the characteristics of multilayer surface coatings and
calculate the spectral responsivity of secondary reference
radiation detectors using the dependence of detectors
signals on the energy of accelerated electrons [15, 16].

Thus, in order to solve the problems arising in the
investigations of sources and detectors metrological
characteristics in the infrared, visible, and air-ultraviolet
regions, the development of techniques based on the use
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of the unique metrological properties of synchrotron
radiation is of particular interest.

SYNCHROTRON RADIATION RADIOMETRY

The spectral characteristics of synchrotron radiation
are calculated with high-accuracy measurements of the
electron orbital radius, energy, and number of accelerated
electrons [17]. The distribution of the spectral radiance of
synchrotron radiation over the emitting area is described
by the following expression:

2 2
L(x,y) = %(Xﬁ/}\,)“ yg |:1 + ('}/\P)z:| X
X'y
x {K2,5(8)+ K25 @0¥)? [[1+(r9) ]|
2 ) (1)
(v-x%) (V=)
X €eXp o ,2 — G 12 .
X y

where L is the spectral radiance of the synchrotron
radiation (W/m3-sr); x' and y' are coordinates of
two-dimensional emitting region in the orbital and
perpendicular planes; x;, and y; are coordinates of
maximum of synchrotron radiation spectral radiance
distribution; N is the number of accelerated electrons;
Y = E/E,, is the relativistic factor; E is the energy of the
accelerated electron, £, = 0.511 MeV is the rest energy
of the electron; e is the charge of the electron; ¢ is the
speed of light; R is the radius of the electron orbit in the
radiation point; D is the integral of the two-dimensional
Gaussian distribution; o6, and o, is the standard
deviation of the spatial distribution of the spectral
radiance of the electron clot in the orbit plane and
perpendicular plan; A, = (4/3)mRy™3 is the critical
wavelength; A is the wavelength; ¥ is the deflection
angle from the orbital plane; K,, and K,, are
modified Bessel functions (McDonald functions);
&= [AJ2W][1 + (y'¥)*]*? is the argument.

The two-dimensional Gaussian distribution integral
D is calculated according to the formula:

(xr_xro)z (yr_yro)2

2 2
26, 20 %

1 '
D:IIW exp| — dx'dy’.

Figure 1 shows the dependence of the modified
Bessel functions (McDonald functions) K 5, K, ; on the
wavelength normalized to the critical wavelength A, of
the synchrotron radiation spectrum [17].

Equation (1) describes the spectral and angular
distribution of the spectral radiance in the polarization
o- and m-components of synchrotron radiation. The
polarization vector of the 6-component, which lies in the
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Fig. 1. Dependence of modified Bessel
functions (McDonald functions) K 5, K5,3 0n wavelength

plane of the electron orbit perpendicular to the induction
vector of the deflecting magnetic field, is described by the
first term of Eq. (1), while the polarization vector of the
n-component lying in the plane parallel to the magnetic
field induction vector is described by the second term.

A universal function AMA,) of the spectral
distribution of the synchrotron radiation flux is obtained
by integrating Eq. (1) over the emitting region of the
electron clot and the deflection angle from the electron
orbital plane [18].

The universal function shown in Fig. 2 is used to
calculate the characteristics of synchrotron radiation
by specifying the critical wavelength A of the electron
storage rings.

1 3

0.1

f(A/AG)

0.01 4

0.001

0.1 1 10 100
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1000

10000
C

Fig. 2. Universal spectral distribution function
of the synchrotron radiation flux

The energy of the electrons in the electron storage
ring is determined by absolute measurements of the
magnetic field induction at the emitting point of the
electron orbit, by the wavelength of the Compton
backscattering of photons on accelerated electrons, or
by relative spectral measurements of the synchrotron
radiation flux. The orbital radius of the electron storage
ring is determined by the frequency of the accelerating
high-frequency field.

The most important and challenging task of
synchrotron radiation spectroradiometry is determining
the number of accelerated electrons with high accuracy.
At synchrotron radiation sources, the number of
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accelerated NMI electrons is measured by comparing
the spectral radiance of the blackbody model and the
synchrotron in the visible region of the spectrum; i.e.,
for spectroradiometry, the relative spectral distribution
of synchrotron radiation spectral radiance with
absolutization in the visible range is used according
to the black body model. Over a number of years, an
accurate method for measuring the number of electrons
with an error not exceeding a hundredth of a percent
was developed using synchrotron radiation sources
for spectroradiometry and photometry. The method
of particle number measurements is based on Fourier-
transformation of the signal of a telescope with a charge-
coupled device (CCD) matrix proportional to the spectral
radiance of synchrotron radiation; here, isolation of
a single electron in a relativistic orbit of an electron
storage ring is used with filtering of high-frequency
spatial harmonics to ensure a wide linear range of
responsivity of the detector.

RADIOMETER-COMPARATOR

A radiometer—comparator (made in Russia) includes
an achromatic refractor telescope with a focal distance of
6 m and an aperture of 150 mm, containing a cooled CCD
matrix, a set of interference filters for the UV, visible,
and IR spectrum ranges, as well as filters for spectral
responsivity correction according to the relative spectral
luminous efficiency of monochromatic radiation [19].
The use of a cooled CCD matrix for dark signal
subtraction ensures the possibility of measurements at
decreasing beam current in a wide range of exposures
from 0.1 to 4000 s. A general view of the comparator
radiometer on the synchrotron radiation channel is
shown in Fig. 3.

Fig. 3. General view of the radiometer comparator
on the synchrotron radiation channel

The cooled CCD matrix comprises 3326 X
x 2504 pixels of 5.4 x 5.4 pm with 16-bit sampling of
signal values. The comparator radiometer is mounted on
the white channel of the electron storage ring without

monochromatization of synchrotron radiation at a fixed
distance from the emitting point of the orbit.

MEASUREMENT OF THE NUMBER
OF ELECTRONS IN THE ORBIT

Synchrotron radiation flux, which is characterized
by a uniform angular distribution in the horizontal
plane of the electron orbit, has a complex angular
dependence of the intensity of polarization components
and the degree of polarization in the vertical plane [18].
The influence of axial oscillations of the clot electrons
further complicates the angular dependence of the
intensity of polarization components in the vertical
direction, as determined by the convolution of the
angular distribution of the synchrotron radiation of
an individual electron and the distribution of clot
electrons by angles of deviation from the orbital plane.
The choice of telescope aperture is determined by the
need to integrate the flux of synchrotron radiation in
the vertical plane over the receiving surface of the
CCD matrix.

To exclude distortions in the distribution of the
energy illumination recorded during the integration of
the CCD matrix pixel signals, the pixel responsivity is
equalized to eliminate the zone inhomogeneity of the
telescope transmission coefficient. Figure 4 shows the
distribution of CCD matrix pixel signals corresponding
to the Gaussian distribution of spectral radiance over the
emitting region of the synchrotron.

Fig. 4. Distribution of the CCD matrix pixel signals

The image on the CCD matrix is formed by multiple
passage of electrons through a relativistic orbit. To
reduce the influence of the CCD matrix noise when
recording small fluxes of synchrotron radiation, forward
and reverse Fourier transforms with filtration of high-
frequency spatial harmonics are used. Calculation of
energetic characteristics of synchrotron radiation of
a single electron allows estimating the noise level and
responsivity threshold for the comparator radiometer
which does notexceed 1071 W/(nm-m?-sr). An important
metrological property of synchrotron radiation is the
perfect Gaussian distribution of the spectral radiance
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over the radiating region of the electron storage ring
due to the axial, radial, and phase oscillations of the
clot electrons. As the number of electrons decreases,
the integral signal decreases proportionally. In this case,
the relative distribution of the spectral radiance over the
emitting region does not change, allowing the Gaussian
distribution to be used to obtain a uniform responsivity
of the comparator radiometer over the receiving surface
of the CCD matrix.

Adjustment of the electron beam current of the
storage ring in a wide dynamic range is carried out
while controlling the relative number of electrons by
the integral flux of synchrotron radiation keeping the
spectral and angular distribution constant. For the
first time, registration of a single electron in orbit was
carried out on a first-generation electron storage ring
using a photomultiplier tube. When a single electron is
singled out in orbit for high-precision reproduction of
spectroradiometry and photometry units the spectral
radiance of synchrotron radiation has Gaussian
distribution due to high frequency of electron circulation,
which allows higher spatial harmonics to be excluded
during signal registration, radically reducing noise level
and increasing accuracy when integrating pixel signals
in a wide exposure range from milliseconds to one hour
using direct and inverse Fourier transform with high-
frequency filtering.

First, it is necessary to provide a responsivity
linearity range of CCD matrix in ten orders of magnitude
taking into account random and systematic errors of
shutter response time, signal reading noise and possible
saturation of pixel charges. The CCD matrix signal
is measured when the exposure time changes, but at
a constant value of the synchrotron radiation flux. The
high stability of energy characteristics of synchrotron
radiation at fixed electron beam current allows CCD
matrix signals to be compared even at maximum
exposures.

At the beginning of the cycle of absolute electron
number measurements using the synchrotron radiation
flux of a single electron, the choice of the minimum
exposure of the CCD matrix corresponds to the
maximum beam current of the electron storage ring.
The sequential decrease in the electron-beam current
along with the decrease in the signal proportional to the
synchrotron radiation flux is compensated by increasing
the exposure time. The difference in the signals obtained
before the current decrease and following the exposure
time increase indicates the nonlinear dependence of the
CCD matrix responsivity on the exposure time, thus
requiring the introduction of correction coefficients.
To reduce the electron-beam current, a scriber is used,
which allows electrons to be removed from the orbit of
the storage ring in steps, so that the last electron remains
on the orbit, which can be held for several hours.

Figure 5 shows the step change of the CCD matrix
signals when the electrons are removed from the orbit of
the electron storage ring.

1000 000
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Fig. 5. Diagram of the step decrease of the CCD matrix
signals when electrons are removed from the orbit:
(a) diagram from 400 000 to 1 electron;

(b) fragment of the diagram from 27 to 1 electron;
(c) fragment of the diagram from 6 to 1 electron

Figure 5a shows the step change in the CCD matrix
signal proportional to the number of electrons in the orbit
on a logarithmic scale, starting at frame 26, with a signal
of 400 000 relative units. According to the scriber, the
signal decreased rapidly from frame 26 to frame 35 to
110 units. The stability of the synchrotron radiation flux
was checked for several hours to estimate the standard
deviation of the CCD matrix signals from frame 35 to
frame 57. During this time, the electron clot did not
lose a single electron; the signal standard deviation did
not exceed 0.01%. Frames 58 and 60 illustrate a signal
decrease by a factor of 5; from frame 61, synchrotron
flux stability was repeated with estimation of the signal
standard deviation.
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Figure 5b shows on a linear scale the smallest
reduction in signals at frames 67, 72, 78, and 80, which
comprises a multiple of the step changes in signals
corresponding to the synchrotron emission flux of
a single electron.

Figure Sc portrays the results of comparing the
signals of the last frames on a linear scale; in frame 80,
one electron was removed and five electrons remained
in the orbit. After checking the stability of the signals
on frame 84, three electrons are removed using the
scriber; the signal corresponds to the remaining two
electrons. After frame 85, another electron is removed
from the orbit, while in frame 86, the CCD matrix signal
corresponds to one electron which is kept in the orbit
for a long time. This allows the responsivity of the CCD
matrix to be connected with the synchrotron radiation
flux of a single electron. By determining the ratio of
signals in the last frames shown in Fig. 5c, it becomes
possible to precisely specify the number of electrons for
each captured frame and select in the graphs the scale at
which the relative unit of the signal corresponds to the
synchrotron radiation flux of a single electron.

CONCLUSIONS

The method for determining the number of
accelerated electrons of the storage ring based on the
use of synchrotron radiation of a single electron is
designed to diagnose an electron clot for establishing
the spectroradiometry and photometry units based on
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