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THE ELECTRON AND PROTON IRRADIATION EFFECTS
ON THE PROPERTIES OF HIGH-VOLTAGE 4H-SiC SCHOTTKY
DIODES WITHIN THE OPERATING TEMPERATURE RANGE

V. V. Kozlovski' 2, A. A. Lebedev?, R. A. Kuzmin?,
D. A. Malevsky?, M. E. Levinshtein?, G. A. Oganesyan?
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Abstract. In the paper, the effects of type, dose and temperature of irradiation with sta-
ble elementary particles (0.9 MeV electrons and 15 MeV protons) on the properties of the
high-voltage 4H-SiC Junction Barrier Schottky diodes at room temperature (23°C) and the
limiting operating one (175°C) have been compared. The electron irradiation of the objects
with equal doses at 23°C u 175°C was found to cause a significant increase in its base differ-
ential resistance in the former case and the absence of this effect in the latter. However, in the
latter, DLTS spectra exhibited a noticeable increase in the concentration of deep levels in the
upper half of the band gap. The proton irradiation resulted in a noticeable rise in the men-
tioned resistance even at 175°C. The results obtained make it possible to evaluate the radiation
resistance of the studied devices to proton and electron irradiation within the framework of any
given requirements.

Keywords: silicon carbide, Schottky diode, irradiation, DLTS spectrum, current—voltage
characteristic, annealing
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https://doi.org/10.18721/JPM.17101

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

HayuHasq cTtaTbs

YK 621.38:539.1

DOI: https://doi.org/10.18721/JPM.17101

BJIMAHUE DNTIEKTPOHHOIO U MPOTOHHOTIO OBJIYYEHUA
HA CBOMCTBA BbICOKOBOJIbTHbIX 4H-SiC aAnoan0B
LUOTTKU B PABOYEM TEMNEPATYPHOM AUANA3OHE
B. B. Ko3noBckuti' 2, A. A. JlebedeB?, P. A. Ky3vMuH?,
L. A. Mane6ckuti?, M. E. JleBuHuwimetiH?, . A. O2aHecsH?
1 CaHkT-MeTepbyprckuin nonuTexHUYeckuii yHusepcuteT MeTpa Benukoro,
CankT-lMeTepbypr, Poccus;

>

© Kozlovski V. V., Lebedev A. A., Kuzmin R. A., Malevsky D. A., Levinshtein M. E., Oganesyan G. A., 2024. Published
by Peter the Great St. Petersburg Polytechnic University.



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 2024. Vol. 17. No. 1>

2 PU3NKO-TEXHUYECKMI MHCTUTYT UM. A. @. Nodde PAH, CaHkT-MeTepbypr, Poccus
= kozlovski@physics.spbstu.ru

Annoranuga. B pabGorte comocraBieHO BIMSIHME BHUIA, HO3BI M TeMIIEpPaTypbl OOJIyYEHUS
CTaOWJIBbHBIMU 3JEMEHTApHBIMM YacTULAMHU (2JIEKTPOHAMU M IIPOTOHAMM C BHEprusiMu 15
u 0.9 M3B cooTBeTCTBEHHO) Ha CBOICTBa BbICOKOBOJBTHBIX 4H-SiC MHTEerpupoBaHHBIX AU~
omoB Iortku (JBS) mpu komuatHoi (23°C) u mpeneibHO momycTMMoil padoueii (175°C)
TeMmIepaTypax. YCTaHOBJIEHO, UTO 2JIEKTPOHHOE OOJlydeHUe O0BhEeKTa OMMHAKOBBIMM J03aMU
npu Temmeparypax 23°C u 175°C npuBOIUT K CYIIECTBEHHOMY pOCTy AudbepeHIIMaIbHOTO
COMPOTUBJICHUST 0A30BHIX CJIOEB B IMEPBOM Cllydyae U OTCYTCTBUIO 3TOTO 3(PpdeKkTa BO BTOPOM.
OpHako Bo BTopoM ciiyyae DLTS-cnekTpbl AEMOHCTPUPYIOT 3aMETHBI POCT KOHLEHTPALUU
IIyOOKUX YpOBHEH B BEpXHEW MOJOBMHE 3ampelleHHOil 30HbI. [IpoToHHOE ke o0ayuyeHue
naxe npu 175°C mpuBOAMT K CYLIECTBEHHOMY POCTY YKa3aHHOIO CONpOTHUBiIeHMs. Mccie-
JIOBAaHO BJIMSTHUE OTXKWTAa Ha OOJIydeHHBIE TTPOTOHAMM CTPYKTYpHI. [TomydeHHBIE pe3ynbTaThl
TTO3BOJISTIOT OLIEHMWBATh YCTOWUYMBOCTD UCCIIEIOBAHHBIX TPUOOPOB K TIPOTOHHOMY U 3JIEKTPOH-
HOMY OOJIy4eHUIO B paMKaXx JIIOOBIX 3aJaHHBIX TPEOOBAHUI.

KmoueBbie cioBa: kapoua kpemHus, nuona IllorTtku, obnydyeHue, crnektp DLTS, BoabT-
aMIiepHasl XxapaKTepucTruKa, OTXKUT

®unancupoBanme: lMcciegoBaHue BBIIIOJIHEHO IIPU YaCTUYHON (PUMHAHCOBOI MOIIEpPKKE
Poccniickoro HayyHoro ¢onga (cormamenue Ne 22-12-00003).

Jlna murapoanmnsa: Kosnosckuit B. B., Jlebene A. A., Ky3pmun P. A., ManeBckuii 1. A.,
JleBunireiitn M. E., OranecsH I'. A., BiusgHue 31eKTpPOHHOTO U MPOTOHHOTO OOJIyYeHHUST Ha
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Introduction

High-voltage 4H-SiC Schottky diodes are important components of automotive and space-
based electronics, nuclear power plant equipment, reactive power compensators, photovoltaic
cells, etc. The radiation resistance of such components to electron and proton irradiation is an
essential criterion for the possibility of using them in nuclear reactor equipment and aerospace
electronics [1 — 4].

The effect of electron irradiation on the properties of SiC-based devices has been studied in
a number of papers (see, for example, Refs. [5 — 7] and references therein). In these papers,
irradiation was carried out only at room temperature. In Ref. [8], for 1700 V 4H-SiC integrated
junction barrier Schottky diodes (JBS), the influence of the electron irradiation temperature at
very high temperatures 7, (300°C and 500°C) was studied. These temperatures are much higher
than the limit operating temperature of high voltage SiC industrial JBS diodes (175°C).

The effect of 100 keV—60 MeV proton irradiation on the properties of the 4H-SiC devices has
also been studied in a number of papers. In the vast majority of papers, irradiation was carried
out at room temperature (see, for example, references in Ref. [9]). In Ref. [10], the 7| irradiation
temperature was within 100—400 K. In Ref. [11], the maximum irradiation temperature 7, was
500°C.

Studies of the irradiation effect at high (up to 500°C) temperatures have shown that the
radiation resistance of SiC devices increases monotonically with the irradiation temperature
growth. It has been demonstrated that high-temperature (“hot”) irradiation produces defects
that are absent during irradiation at room temperature. As shown earlier, when studying the
defect creation in the silicon and gallium arsenide, it is very important to pay attention to high-
temperature investigations specifically, due to the possibility of formation of secondary defects
[12, 13].

© Kosnosckuii B. B., Jlebene A. A., Kyssmun P. A., Manesckuii /. A., Jlesunwreitn M. E., Oranecsan I'. A., 2024.
Wzpartens: Cankr-IleTepOyprckuii mojnrexunueckuit yauepcutet Iletpa Bemukoro.
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However, as a practical matter, of prime importance is analyzing the effect of electron
and proton irradiation and subsequent annealing on the properties of high-voltage Schottky
diodes in the range from the room temperature to the limiting operation temperature of 175°C
(CPW3-1700S010 Datasheet | Silicon Carbide Schottky Diode Chip. (n.d.), Accessed November
20, 2023), because 4H-SiC diodes are elements of power industrial electronics including automotive
electronics, power converters, solar cells drives, and numerous other applications [14 — 17].

The goal of this study was to compare the effects of electron and proton irradiation carried
out at room temperature and the maximum operating temperature, as well as post-irradiation
annealing, on the parameters of high-power 4H-SiC JBS.

This study allows us to suggest some practical recommendations for improving their radiation
resistance.

In this paper, we have compared the effect of irradiation with 0.9 MeV electrons and 15 MeV
protons at 7, = 23°C and 175°C on the parameters of 4H-SiC high-voltage 4H-SiC JBS diodes
with 600 and 1700 V blocking voltage U,.

Materials and methods

4H-SiC Schottky diodes (JBS structures) with blocking voltage U, = 600 V (CPW3-
0600S002.0)! and U, = 1700 V (CPW3-1700SO10)* were investigated [14]. The concentration of
uncompensated impurity (N, — N ) in the base of structures with U, = 600 V was 1-10' cm;
this value for the diodes with U, = 1700 V was 3.4-10" cm™. At small forward bias, in the region
of the exponential part of forward current—voltage characteristic, the /—J characteristics of both
types of diodes were very well described by the dependence [11, 18]:

I =1exp(qUIBKT),

where [ is the saturation current, /[, = 10> — 10" A; B is the ideality factor, p = 1.02 — 1.05;
q is the elementary charge; & is the 0Boltzmann constant.

Irradiation by electrons with an energy of 0.9 MeV was carried out in a pulsed mode (the pulse
repetition rate was 490 Hz; its duration was 330 ps). The irradiation was carried out in a target
chamber in air, where the temperature was maintained with an accuracy of +5°C.

Irradiation by protons with an energy of 15 MeV was carried out at the MGTs-20 cyclotron in
a pulsed mode (the pulse repetition rate was 100 Hz; its duration was 2.5 ms). The current density
of the proton beam did not exceed 100 nA/cm?.

The path lengths of electrons with an energy of 0.9 MeV and protons with an energy of
15 MeV in SiC were about 1.0 mm [19]. Thus, at base thicknesses L = 10 um for 600 V diodes
and L = 20 pm for diodes with U, = 1700 V, defects were introduced uniformly over the sample
volume.

The structures were subjected to post-irradiation annealing in the atmosphere of dry nitrogen
at 300°C for 120 min. The /—V characteristics of the diodes were measured at 23°C in a pulsed
mode, which ensured the isothermal nature of the measurements. The parameters of the formed
radiation defects were determined by the method of non-stationary capacitance spectroscopy
(DLTS). The measurements were carried out both in the initial samples and after each irradiation
and/or annealing.

Results and discussion

The forward /—V characteristics of a diode with U, = 600 V for an unirradiated structure
(curve 7) and those irradiated with electrons at temperatures 7', = 23°C and 175°C are compared
in Fig. 1.

At small forward biases U, less than the cutoff voltage U  ~ 0.8 V, i.e., in the region of the
exponential part of the /—V curve, the electron irradiation has only a slight effect on the parameters
of the current — voltage characteristics [8]. At U > U, the =V curves are characterized by a
linear forward current dependence on the forward voltage.

In an unirradiated diode, the differential resistance R , of the base is 0.075 Q. Irradiation with
a fluence ® = 1-10' ¢cm™ at room temperature leads to an increase in R , by 1.9 times, to the
value of R, ~ 0.142 Q. Irradiation with a fluence ® = 2-10'° cm™ leads to an increase in R,
by approximately 4.6 times, to the value of R, ~ 0.345 Q. The concentration in the base of the
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Fig. 1. A comparison of forward current — voltage characteristics of a diode
(the blocking voltage is 600 V) obtained before (/) and after (2 — 4) its electron
irradiation with fluences ® = 1-10' cm™ (2) u 210" cm™ (3, 4)
at T, = 23°¢ (2, 3) and 175°C (4).

The data was obtained in the region of biases exceeding the cut-off voltage; T, = 23°C (1).
In the inset. the DLTS spectra of the sample irradiated with electrons with fluence
® = 210" cm* at two temperatures. The rate window was 51 s!

non-irradiated structure n, approximately equals to 10'® cm™ [20]. Assuming that the change in
the mobility under the inﬁuence of irradiation can be neglected [21] and that the change in the
base resistance is due to a decrease in the electron concentration only, it is easy to calculate that,
for the both fluence values, the removal rate n, of electrons under the influence of irradiation is

n,=(n,—n)/®, ~ 0.40 cm™, €))

where 7 is the electron concentration after irradiation

The 1, value obtained is less than that of 1.67 cm™" specified in Ref. [6], and slightly more than
that of 0.25 cm™ ! reported in Ref. [22].

After electron irradiation with fluence @, = 2-10'° cm™ at T, = 175°C, the differential resistance
of the base R, is 0.085 Q (see curve 4 in Fig 1), i. e. the value of R increases as a result of
irradiation by only approximately 13 %. It is quite obvious that an increase in the irradiation
temperature 7, even within the permissible operating temperature, radically increases the radiation
resistance of the devices.

Inset in Fig. 1 shows the DTLS spectra describing the levels in the upper half of the band
gap after electron irradiation of diodes with fluence ® = 2:10'° cm™ at 7, = 23°C and 175°C.
The temperature position of the DLTS peaks at 7, = 23°C agrees satisfactory with the data
of Ref. [7], in which the DLTS spectra were studied after irradiation of JBS structures with
U, = 1700 V by electrons with an energy of 1.05 MeV. The concentrations of acceptor levels N,
determined from the position of the peaks in the inset (see Fig. 1) are N"**'= 2.35-10" cm*3
NFS'=370-10"% cm™, N”?=1.40-10" cm>, and N/’ = 1.02:10" cm™ for the E JE.E/S,E
and E, peaks, respectively

Iti 1s well known that electron irradiation creates also EH6/7 acceptor level, which corresponds
to a maximum in DTLS spectra at a temperature of ~ 570 K [6]. When measuring the samples
(see the data in Fig. 1), the maximum temperature did not exceed 400 K in order to avoid
spontaneous annealing [5]. The DLTS spectra measured up to temperature of ~ 630 K on control
samples showed that the EH6/7 level with concentration of about 10'* cm™ corresponds to
fluence ® = 210" cm™ at 7, = 23°C.

Thus, the total concentration of acceptor centers in the upper half of the forbidden zone after
electron irradiation with fluence ®, = 2- 10'® cm™ at a temperature of T. = 23°C is approximately
4-10'* cm3. At the initial electron concentration n, = 10" cm>, one would expect an increase in
the resistance of the diode base by =~ 10 %. Meanwhile the experiment shows that the resistance
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increases by ~ 4.6 times. It should be assumed that electron irradiation creates acceptor levels
in the lower half of the band gap as well. However, to the best of our knowledge, data on the
concentration and parameters of the acceptor centers created by electron irradiation in 4H-SiC
in the lower half of the band gap are not available in the literature.

Under irradiation at T 175°C (see inset in Fig. 1), the peak with the maximum
amplitude at 7 ~ 330 K (peak E,) corresponds to the Z1/Z2 level. Its concentration N;/"** is
5.0-10" cm™. The peaks observed at 7= 171 K, 185K, and 220 K correspond to the concentration of
N, = 9010 cm> N, .~ 42107 cm*3, and N o & 5.0:10" cm™, respectively. Assuming
that the concentratlons of5 the EH6/7 and Z1/722 levels are equal [23], the total concentration
of acceptor levels generated by fluence ®, = 2- 10'* ¢cm™ in the upper half of the band gap at
T.= 175°C can be considered equal to 1.2: ‘10'* cm™. An increase in resistance due to irradiation
expected from such data should be ~1.2 %. Meanwhlle as can be seen from a comparison
between curves / and 4 in Fig. I, the resistance R increases in this case by about ~13%, i.e.,
about an order of magnitude stronger.

The forward [—V characteristics of a diode with U, = 600 V for an unirradiated structure
(curve [) and those irradiated with protons at temperatures 7 = 23°C and 175°C, as well as the
structures after subsequent annealing (see inset in Fig. 2), are compared in Fig. 2.

2.0,
1.6
1.2
0.8
0.4
0.0

F
Current [, A

08 12 1.6 2.0 24 28
Forward bias U, V

.3
e g

Forward current /_ A

0.8 1.2 1.6 2.0 2.4 2.8
Forward bias UF, A

Fig. 2. A comparison of forward current — voltage characteristics of a diode
(the blocking voltage is 600 V) obtained before (/, /' in the inset) and after (2, 2’ in the
inset, 3 — 5) its proton irradiation with fluences d) = 5102 cm™ (2, 2/, 4) and
110" cm™ (3, 5) at T = 23°C (2, 2, 3) and 175°C (4, 5).

In the inset. the I—V curves of the dlode irradiated (5-10" cm2, 23°C ) without subsequent
annealing (2); irradiated (1:10™ cm™ , 23°C) and then annealed at 300°C for 2 hrs (3'),
irradiated (5:10%cm?2, 175°C) and then annealed twice at 300°C for 2 hrs in the both cases (4).
All the data was obtained in the region of biases exceeding the cut-off voltage

After irradiation with protons at room temperature with fluence CD = 5-10" cm™? (see curve 2
in Fig. 2), the differential base resistance R, was 0.15 Q.
In a similar manner (see Eq. (1)), the electron removal rate

n,= (n,— n)/(Dp ~ 100 cm™, (2)

where 7 is the electron concentration after irradiation.
Note that approximately the same increase in R, results from electron irradiation with fluence
® = 1-10" cm™ (see curve 2 in Fig. 1).
° After proton irradiation with fluence (D = 1-10" cm?, the R value was about 2.3 Q, i. e.,
it increased by a factor of 30 compared to the R, value in the nonlrradlated diode. However
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at n,= 1.0-10" cm™, n_ ~ 100 cm™', and Q =1 10" cm™2, the electron concentration in the
base n would have to be equal to zero. Such a drscrepancy between the estimate established from
the value of n, determined at CD = 5-10"® cm™ and the experimental result presented by curve
3 in Fig. 2 can be explained by the “flattening” of the dependence n(®) when approaching the
situation of full compensation (n = 0).

At T. = 175°C and irradiation with fluence ¢ =5 10" cm™ (see curve 4 in Fig. 2), the R
value becomes equal to ~ 0.09 Q, i. e., it increases by only 1.2 times compared to the differenti T
resistance of the nonirradiated drode After irradiation with fluence ® = 1-10'* cm™2, the R, value
is 0.24 Q (see curve J), i.e., an order of magnitude less than that affer irradiation Wrth the same
fluence at room temperature

The inset in Fig. 2 shows the results of post-irradiation annealing (proton irradiation of
the diodes had fluence @ = 1- 10" ¢cm™ at 7, = 23°C and 175°C). Annealing at 300°C for
120 min led to a noticeablé decrease in the base differential resistance for the diode irradiated at
T, = 23°C (compare curves 2" and 3). However, even after annealing, the value of R, (see curve
3 ’) significantly exceeds the value of R, in an unrrradrated diode (see curve ['). After irradiation
at T, = 175°C, the diode was twice subjected to subsequent annealing at 300°C. The duration
of each annealing was 120 min. However, annealing did not have any noticeable effect on the
current—voltage characteristic of the drode irradiated at 7, = 175°C (see curve 4').

It should be noted that an increase in the anneahng temperature to a value significantly
exceeding 300°C can lead to degradation of devices even in the absence of a voltage applied to
the device. As noted in Ref. [24], heating to temperatures 7> 370°C leads to partial melting of
nickel into the silicon carbide surface.

The results of the study of electron and proton irradiation effects on the parameters of JBS
devices with blocking voltage U, = 1700 V qualitatively correlate well with the above results for
diodes with U, = 600 V.

Fig. 3 shows the forward current—voltage characteristics of a diode with a blocking voltage of
1700 V in the region of biases exceeding the cut-off voltage.

In the unirradiated diode, the differential resistance of the base R, is 0.082 Q. Electron
irradiation at room temperature with fluence ® = 5.0- 10" ¢m™ leads to an increase in R,
by a factor of 1.8, up to R, = 0.15 Q. After irradiation with fluence @, = 1.5:10" cm™, the
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Fig. 3. A comparison of forward current—voltage characteristics of a diode (the
blocking voltage is 1700 V) obtained before (/) and after (2 — 4) its electron
irradiation with fluences @, = 5.0-10"° cm™ (2, 4) and @, = 1.5-10' cm™(3)

at T, = 23°C (2, 3) and 175°C (4).
The data was obtarned in the region of biases exceeding the cut-off voltage.
In the inset. the DLTS spectra of the sample irradiated with electrons with fluence
® = 5.0-10" cm™ at two temperatures. The rate window was 51 s
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value of R was ~ 0.23 Q, i.e. increased approximately 2.8 times. At the initial concentration
n, = 3.4:10” cm™, this result corresponds to the electron removal rate n, = 0.15 cm™'. This value
agrees well with that one found for similar diodes in Ref. [7] upon irradiation with electrons with
an energy of 1.05 MeV.

After electron irradiation of the sample with a fluence ® = 5.0-10"> cm™ at T, = 175°C (see
curve 4 in Fig. 3), the I—V curve precisely coincides with the corresponding one of the unirradiated
sample. However, as can be seen from the inset in Fig. 3, the DLTS spectra corresponding to the
levels in the upper half of the band gap demonstrate changes in the amplitudes of the peaks not
only after irradiation at room temperature, but also after irradiation at 7, = 175°C. One can see in
Fig 3 that at ® = 0, the amplitudes of the maxima of the DLTS spectra are negligible compared
to the amplitu(fes of the DLTS spectra of irradiated ones.

Comparing the results shown in the inset in Fig. 3 with those shown in the inset in Fig. 1, it
is easy to see that in both cases DLTS registers almost identical maxima. A small difference in
the positions and widths of the maxima is explained by the inevitable change in these parameters
with a significant change in fluence.

For the DLTS spectrum at 7, = 175°C, the maximum at 7" = 317 K was identified as
Z1/Z2 level with a concentration of N, ~ ~12:10" c¢cm”. The total concentration of all
levels observed in the upper half of the band gap corresponding to the irradiation temperature
T. = 175°C, taking into account the concentration of the EH6/7 level, taken equal to the
concentration of the Z1/Z2 level, is N f ~2.6:10" cm™, i. e. less than one percent on the electron
concentration n, = 3.4-10" ¢m™ in the nonirradiated sample. Thus, as in the discussion of the
data shown in Fig. 1, it should be assumed that acceptor levels with a considerable concentration
are created by electron irradiation also in the lower half of the band gap.

Fig. 4 shows the effect of proton irradiation at temperatures 7, = 23°C and 175°C as well as
subsequent annealing on forward /—J characteristics of a diode with U, = 1700 V.
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Fig. 4. A comparison of forward current — voltage characteristics of a diode (the
blocking voltage is1700 V) obtained before (/, /' in the inset) and after (2, 2’ in the
inset, 3) its proton irradiation with fluence ® = 3-10"” cm™ (2, 2, 3) at T, = 23°C
(2, 2y and 175°C 3, 3.
In the inset. the I—V curves of the diode irradiated (3-10" cm2, 23°C) without subsequent
annealing (2); irradiated (3-10" cm?, 23°C) and then annealed at 300°C for 2 hrs (3’), irradiated (3-10" cm?2,
175°C) and then annealed twice at 300°C for 2 hrs in the both cases (4'). All the data was obtained in the region
of biases exceeding the cut-off voltage

After proton irradiation with fluence ® = 3-10" cm™ at T, = 23°C, the base differential
resistance R increased from 0.082 to 0.812 Q, which corresponds to an order of magnitude
decrease in the electron concentration in the base. Thus, the removal rate of electrons due to the

generation of acceptor centers by protons is in this case
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I
n,= (n,— n)/CI)p ~ 100 cm!, (3)

which agrees with the data obtained above for diodes with U, = 600 V very well (see Eq. (2)).

At the same fluence CD = 3-10" ¢cm2, but at the irradiation temperature 7, = 175°C, the value
of the base differential resistance after 1rrad1at10n was R, = 0.38 Q, i. e., about 2.1 times less
than that after irradiation with the same fluence at room temperature (23°C) Annealing for two
hours at 300°C reduces the differential resistance R, of the diode irradiated at 23°C from 0.812 to
0.420 Q, i. e., almost two times (compare curves 2" and 3" in the inset in Fig. 4). However,
this Value is st111 greater than the R value after irradiation with the same fluence at 7, = 175°C
(R,=0.38 Q, curve 4). On the other hand, annealing in the same mode (120 min at 300°C) has
practlcally no effect on the R, value of the dlodes irradiated at 7, = 175°C. This result turns out
to be partly expected, since some of the defects introduced durlng irradiation were annealed at
200 — 350°C [25].

Conclusions

The effects of 0.9-MeV-electron and 15-MeV-proton irradiation on the parameters of the
high-voltage 4H-SiC Schottky diodes with blocking voltages U, = 600 V and 1700 V were
studied at irradiation temperatures 7, = 23°C (room temperature) and 175°C (limiting operating
temperature). Removal rate n under electron irradiation for diodes with U, = 600 V was found
to be 0.40 cm™' for 7, = 23°C. For diodes with U, = 1700 V, the value of n, was found to be
n,~ 0.15 cm™ I. Electron irradiation at T =175°C practlcally does not affect the resistance of the
base. Thus, heatlng during irradiation even to a relatively low temperature significantly increases
the radlatlon resistance of devices with respect to electron irradiation. Both for 7. = 23°C and
175°C, a comparison of the DLTS spectra describing the levels in the upper half of the band gap
with the data on the changes in the base resistance leads to the assumption that acceptor levels
with a noticeable concentration are created during electron irradiation also in the lower half of
the band gap. Under proton irradiation, both for the diodes w1th U, = 600 V and 1700 V, the
removal rate n, for 7' = 23°C was found to be about 100 cm! Anneahng for 120 min at 300°C
after irradiation with fluence CI) = 110" cm™ at T =23°C leads to a noticeable decrease in the
differential resistance of the baSe. Double anneahng for 120 min at 300°C after irradiation with
the same fluence at T, = 175°C practically does not change the current—voltage characteristic of
the diodes.

In summary, it may be said that the radiation hardness of high-voltage SiC Schottky diodes
subjected to electron irradiation, can be significantly improved if they are heated to a relatively
low temperature during irradiation. As for the proton irradiation, the radiation resistance of these
devices also increases noticeably with increasing the irradiation temperature. At relatively low
irradiation doses, even a relatively short-term post-irradiation annealing at a temperature of 300°C
can significantly reduce the differential resistance of the diode base.
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Annotanusg. B pabote ucciaemyercs xaotudyeckuii moteHuuman (XII) B reTepokoHTakTax
III-HuTpHIOB, OOYCIOBIEHHBIN 3JIEKTPOCTATUYECKUM TMOJIEM 3apsKEHHBIX OUCIOKAUWNA, B
YCJOBUSIX JIOKAJIM3ALUU IBYMEPHOTO 3JIEKTPOHHOTO ra3a B MPUKOHTAKTHOU obJlacTu. B pamkax
CTaTUCTUYECKOTO aHajn3a IyaCCOHOBCKOTO aHCaMOJsl JUHEWHBIX Ae(MEeKTOB OMpeneseHbI
ammntyna 1 Macmrad XIT B miockoctu KoHTakTa. IlokaszaHa 3aBHCHUMOCTb MapaMeTpOB
XIT OT MJIOTHOCTU TOBEPXHOCTHBIX COCTOSTHUM W KOHIIEHTpALIMM AUCIOKAlMK Ha mopore
TMOJBVXXHOCTU IBYMEPHOTO 3JIEKTPOHHOTO ra3a. YCTaHOBJIEHO, YTO MPU HAIUYUU 3(PdEeKTOB
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JIOKaJIM3allM1 3JICKTPOHHOTO 3apsiga B reTepokoHTakTax amruiutyna XI1 mpessimaer 100 maB
B LIMPOKOM IMaIia30He M3MEHEHMS ITapaMeTPOB CUCTEMBI.
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Introduction

Two-dimensional electron gas (2DEG) generally has high mobility in heterojunctions
based on IIl-nitrides. However, this property of the system considerably depends on the
defect concentration in semiconductor structures. The defect concentration of the contacting
semiconductors and the interface limits the mobility of free charge carriers [1]. In some cases, the
mean free path of charge carriers can also be decreased as a result of their scattering by charged
dislocations [1—3]. Evidently, studies into this type of processes should take into account both
the possible concentrations of these extended defects in heterojunctions and the population of
dislocation states [4]. The redistribution of electron density between the surface states and the
linear defect states leads to changes in the electric field and potential in the junction plane. At
certain threshold values of random fields, a state of strong localization of 2DEG may occur [5].

Estimates indicate that fluctuations in electric fields on the surface of semiconductors and the
formation of chaotic potential (CP) can be associated not only with the defect concentration of
the surface itself, but also with localized charges in the near-surface depletion layers. A classical
size effect occurs in heterojunctions of semiconductor structures with a wide range of parameters,
associated with the naturally commensurable characteristic scales in the space-charge region of
a semiconductor [6]. It was found that an increase in the amplitude and characteristic scale of
CP occurs under the conditions of this size effect and the inhomogeneity of the local fields of
charged defects in heterojunctions with a decrease in the density of delocalized surface states [7].
Furthermore, the actual distribution of the electron charge in the junction region self-consistently
depends on the CP formed at the interface, since the spectrum of surface states and possibly
their localization change. In view of the weakened screening effect of localized 2DEG, it seems
important to investigate the CP structures of charged dislocations in heterojunctions of nitride
semiconductors.

The goal of this study is to determine the given CP in heterojunctions of III-nitrides and the
nature of its dependence on system parameters.

Distribution of charged dislocation potential
in a heterojunction

For example, let us analyze the heterostructure based on the AlIGaN/GaN heterojunctions [8].
Consider a model where threading of misfit dislocations with a surface concentration N, in the
given heterostructure is represented as charged defects oriented normal to the junction plane. If
we neglect the interaction between dislocations, their number distribution can be assumed to be
Poissonian. The probability that N of the given linear defects are located in the junction region
of radius R in this representation is equal to

<N>"exp(—-<N>
p(n)= 2 N> (1)
N!

where <N> is the average number of these defects in a given region, and N, , = nR°.

© ®unumonoB A. B., boumapenko B. b., 2024. W3znarens: Cankr-IletepOyprekuii nojaurexHuyeckuii ynusepcuret [lerpa
Benukoro.
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Due to the polarity of the chemical bond in aluminum and gallium nitride crystals, a piezoelectric
effect and spontaneous polarization occur in mechanically stressed heterojunctions [8]. As a result
of injection of electrons into the junction region, a surface field and corresponding band bending
are formed in gallium nitride, while the magnitude of the latter exceeds half the band gap (about
1.8 eV). Since the formed channel layer of the considered heterostructure almost always contains
undoped or compensated gallium nitride (GaN), the space charge in the region of band bending
is mainly produced by charged dislocations. In the presence of large band bending, such extended
defects within the space-charge regions are assumed to be uniformly charged with a certain linear
density A. If there is only a localized surface charge in the heterojunction, then it is possible to use
the superposition principle to determine the parameters of the CP. It can be proved that in this
case, the dominant contribution to large-scale fluctuations of the field in the junction is made by
a system of charged dislocations [7].

The potential of the field of an arbitrarily selected dislocation in the junction plane is determined
in the polar coordinate system, where p is the radial coordinate determining the distance from this
linear defect to the observation point. Integration along a charged dislocation within the space-
charge region of width L, gives the potential energy of the surface electron in the junction plane:

2 2
Ui(p)— 2el ln"p + L, +1L,

g +g, p

()

b

where ¢, €, are the values of the dielectric constant of the semiconductors brought into contact.
The volume charge in the band bending region of GaN has a density equal to AN, within
the model representations given above. In this case, the characteristic width of the space-charge

region can be represented as
e U,
L= |—220 (3)
2melN
where U, is the band bending.
Simple calculations similar to those in [7] are necessary for further analysis of the system. First,
the average contribution to the potential energy of the surface electron in the electric field of a

single dislocation can be determined within the framework of the given method. Similar averaging
of expression (2) over an area with radius yields the following result:

2e\ JRP+L+1L
<Ui>(R):;2 LR+ -2 +R InY——2 | “4)
(e,+¢&,)R R
Taking into account the distribution of charged dislocations (1), we can also represent the
standard deviation of their number on the given surface region as
8N(R)=Ry/TN,,. (5)

Multiplying expressions (4) and (5), followed by a search for the maximum of the resulting
product, we can estimate the characteristic magnitude of the inhomogeneities in the potential
energy of the surface electron in the field of charged dislocations. The corresponding passage to
the limit R — oo gives the required value:

_ 467\140 TENdisl (6)
g +e,

dU

Substituting dependence (3) of the width of the space-charge region on the system parameters
into expression (6), we obtain the following result:

J2ere,U, . (7)
2Yo

U =

g t§&,
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Fig. 1. Dependence of the average fluctuations in the chaotic potential of charged dislocations in the
AlGaN/GaN heterojunction on the linear charge density. The band bending U, = 1.8 eV

The dielectric permittivities of aluminum nitride and gallium nitride in the considered
heterostructure are 9.2 and 10.4, respectively [8]. The characteristic form of the obtained
dependence U (1) (see Eq. (7)) is shown in Fig. 1 for the value of band bending parameter
U, = 1.8 eV. Since expression (6) for §U was obtained with a formal passage to the limit R — oo,
the CP found in this manner is large-scale.

Density of surface states in the heterojunction

The presence of large-scale CP of charged dislocations in the near-contact region of the
heterostructure under consideration modifies the quasi-classical spectrum of surface states and
leads to the appearance of 'tails' in their density. In this case, with the known form of the law for
the distribution of the potential energy of the electron, we can obtain the corresponding energy
dependence of the density of states D(E) [9]. In view of the quasi-continuity of the spectrum of
electron states, the initial expression for their density takes the form

D(E)= j:DO(E—U)-f(U)dU, (8)

—00

where D (F) is the unperturbed density of states, f{U) is the probability density function for the
potential energy of the electron U on the surface.

The quasi-classical density of surface states for parabolic dispersion is constant within the
allowed band in the absence of CP and valley degeneracy [10], depending only on the effective
electron mass. Therefore, expression (8) can be simplified:

D(E)=D, j £(U)du. ©)

Thus, the type of functional dependence D = D(FE) is completely determined by the nature of
the potential energy distribution of the surface electron. The Gaussian model of CP distribution
is adequate for taking into account the superposition of fields of randomly located charged
dislocations [11]:

1 U’
f(U)——SU\/%-exp(——z.SUzj. (10)

After substituting probability density function (10) into expression (9) and calculating the
integral, we obtain the density of surface states in terms of the error function:

24



4 Condensed matter physics >

D(E):%-{l+erf(ﬁﬂ. (11)

This formula allows to obtain the expression for the concentration of 2DEG

n,= [ D(E)dE, (12)

at low temperatures 7" (formally at 7— 0 K), which has the following form [12]:

D E 2 E;
o, F = S— 13
ns == {EF|:1+erf[8U\/§j:|+8U 7Texp( 2-8U2J} (13)

Here E, is the Fermi energy in the surface zone.

Chaotic potential in the heterojunction at the mobility threshold
of two-dimensional electron gas

The specific values of the quantities U and ng can be estimated under known conditions
characteristic of the contacting structures formed. First of all, it can be assumed that the
electroneutrality condition is satisfied in the equilibrium state:

Ng =ng +&Ndile0’ (14)
e

where N, is the surface charge density in the junction.

If quantity (14) depends only on the nature of the contacting semiconductors, then N¢ = const
for the given heterostructure. In this case, only the redistribution of localized charge between
the surface and dislocation states is possible, depending on the specific scenario. For example,
almost all localized surface states are filled at the classical mobility threshold (i.e., provided that
E. = 0 [9]), which corresponds to the condition that the maximum electron charge appear on
the dielectric surface. In this case, an explicit dependence of the characteristic values of CP on
the number of charged dislocations per unit surface area of the junction can be obtained from
expression (14) in view of (3), (7) and (13)
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Fig. 2. Dependences of the average fluctuations in the chaotic potential of charged dislocations in the

heterojunction on their concentration at the mobility threshold of two-dimensional electron gas, at two
surface state densities D, cm™-eV™": 1-10"* (/) and 5-10" (2); N, = const
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The dependence of the average potential energy fluctuations (15) on the concentration of
charged dislocations for the surface charge density N, = 10" cm™ and two densities of surface
states D, is shown in Fig. 2.

Results and discussion

Analysis shows that the amplitude of CP in the heterojunction for localized 2DEG can reach
several hundred millielectronvolts (see Fig. 1) even at fairly moderate values of the linear charge
density in dislocations (compared with the maximum possible values of the order of 0.01 CGE
units [7]). The dependence U = SU(L) obtained for this case is rather weak: according to
expression (7), the quantity U is proportional to the square root of the linear charge density A.
In other words, the indicated values of the characteristic inhomogeneities of the potential in the
junction are preserved in a fairly wide variation range of the system parameters. Moreover, due
to the presence of unscreened Coulomb fields of form (2), slowly varying in space, the resulting
CP in the junction turns out to be large-scale.

The natural consequences of the existence of large-scale CP in the heterojunction are the
appearance of 'tails' in the density of surface states and the possibility of redistribution of localized
charge. If the total surface charge remains unchanged in the heterojunction, then the average
value of fluctuations in the potential energy of the surface electron decreases with an increase in
the charged dislocation concentration within the framework of the model approximation adopted
(see Fig. 2). This behavior of the quantity dU is associated with a weakening of the intrinsic
size effect, since in this case the charge is distributed over a larger number of extended defects
and better statistical averaging of inhomogeneous fields is achieved. A decrease in the density of
surface states (which corresponds to lower effective electron masses in the surface zone) leads to
a noticeable increase in dU.

Conclusion

The paper reports on the behavior of the chaotic potential (CP) in I11-nitride heterojunctions,
induced by the electrostatic field of dislocations for localized two-dimensional electron gas
in the near-contact region. The amplitude of the CP in the junction plane and the nature
of the spatial distribution of the corresponding field are determined. The dependence of the
characteristic values of CP on the system parameters is considered. It is established that
the magnitude of CP amplitude can exceed 100 MeV in the presence of electron charge
localization effects in III-nitride heterojunctions. This result is important both from the
standpoint of improving the technology for synthesis of semiconductor devices based the
corresponding heterostructuctures, and from the standpoint of theoretical studies into the
properties of two-dimensional electron gas.
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Annoranusg. [TpoBeneHbl UCCIENOBAHUS DIEKTPETHBIX CBOMCTB MOJUIIPOIIWICHA C pa3jiny-
HBIM MPOLIEHTHBIM COAEPXKaHWEM MOHTMOPWJIOHUTA METOJAMU TEPMOCTUMYJIMPOBAHHON pe-
JIakcalluM TOTEHIMada U TEPMOCTUMYJIMPOBAHHBIX TOKOB KOPOTKOTO 3aMbIKaHUs. BbIssBIeHO
3aMETHOE BJIWSIHME KOHUEHTPAIIMHA HATIOJTHUTENSI Ha CTAOMIIBHOCTD 3JIEKTPETHOTO COCTOSTHUSI.
OrnpeneneHbl MapamMeTpbl NEKTPUUECKM aKTUBHBIX Ae(EKTOB U BpeMsI XpaHEHUs 3JIEKTPETHO-
TO COCTOSTHUS JUISI Pa3HOTO CO/Iep>KaHUs HATIOJTHUTENST B 0Opasiiax. YCTaHOBJIEHO, YTO Hau-
JIYYIIMMU 3JIEKTPETHBIMU CBOMCTBAMU 00JIafaeT MOJMIpoIieH ¢ 4 %-M MacCOBBIM cofep-
>KaHUEM MOHTMOPUWJLIOHUTA.
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Introduction

The field of application of polymer electrets is quite wide: electroacoustics, medicine, filtering
devices, radioactive radiation sensors, etc. [1].

An important parameter for the practical use of a polymer as an electret material is the
stability of the electret state formed in it [2]. The influence of the electret electric field on
microorganisms and bacteria is described in Refs. [3, 4]. It has been found that the effect of
the field on microorganisms leads to a slowdown in the processes of their vital activity and can
significantly increase the shelf life of food products.

Currently, an effective and technologically advanced way to form a stable electret charge in
polymer films is the method of charging films in a corona discharge.

Promising objects of research are polymer films based on polypropylene (PP). Low density, high
mechanical strength and resistance to chemical influences, as well as low cost make polypropylene
a popular and easily accessible material.

It is known that the addition of dispersed fillers to the polymer matrix has a positive effect on
the stability of the electret state in the polymer under study. This leads to the creation of new
materials with improved electret properties and opens up new possibilities for their application
[5, 6].

The results of studies [7, 8] have shown that the introduction of fillers such as diatomite and
aerosil into the polyethylene matrix significantly increases the stability of the electret state, while
pure polypropylene does not exhibit its high stability. Another possible filler in the polypropylene
matrix is montmorillonite (MM). Montmorillonite is a cheap material with sorption properties.

Previous studies [9 — 12] have shown that the introduction of montmorillonite has a significant
effect on the complex properties of polymers. For example, when chrysotile or montmorillonite
is added to the polymer matrix, it leads to a significant change in the electrophysical properties
of the starting material. The hydrophilicity of the fillers used may be one of the reasons for this.
In Ref. [13], it was shown that the addition of montmorillonite particles to chitosan increased the
activation energy of the electrical conductivity of this material from 0.20 eV to 0.31 eV, and as a
result, the specific electrical conductivity of this polymer decreased by reducing the concentration
of free ions.

In this regard, the goal of this study was to introduce montmorillonite into polypropylene films
and investigate the filler effect on the electret properties of the modified material.

© Kapynuna E. A., Boaruna E. A., Kynemuna C. M., lanuxanoB M. ®., Munsaruposa A. M., 2024. Uznatenb: CaHKT-
[MetepOyprckuii monuTexHnyeckuii yauusepcuret [lerpa Benmkoro.
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Materials and methods

In this work, the initial polypropylene films of the PP4215M brand (EP1X35F) and composite
films based on it have been studied.

Composites based on PP with 2 and 4 wt.% of montmorillonite were prepared in the melt at
the laboratory station "Plastograph EC" of the company "Brabender" (Germany) with adjustable
electric heating at a temperature of 190°C and rotor speeds of 50 — 150 rpm for 300 s. The
samples were produced by pressing on a GotechGT-7014-H10C hydraulic press at 190 £ 5°C
with a heating time of 5 min, a pressure exposure of 3 min, and subsequent cooling of 3 min. The
sample thickness of the initial films and composites varied from 0.12 = 0.05 to 0.14 = 0.05 mm.

Montmorillonite (mark 15A) is a clay mineral belonging to a subclass of layered silicates.
The three-layer structure of this mineral, consisting of two silicon-oxygen and one aluminum
hydroxide layers, is provided due to sufficiently weak molecular bonds. As a result, water molecules
can easily penetrate into the interlayer space, and the mineral itself has good sorption properties.

The electret properties of the samples were investigated by the following methods:

thermally stimulated relaxation of the surface potential (TSRSP),

thermally stimulated currents (TSC).

When studying the films by the TSRSP technique, the samples were pre-polarized in a corona
discharge at a temperature of 80°C. Further, the temperature dependence of the surface potential
in the linear heating mode was removed.

In the TSC procedure, polarization was carried out at room temperature also in a corona
discharge. The result of the study was a graph of the depolarization current dependence on
temperature. The maximal temperature positions of the thermally stimulated depolarization
currents and the nature of the TSD curves made it possible to determine the activation energy
and the effective frequency factor of electrically active defects, as well as to obtain information
about the relaxation mechanisms of the objects under study.

Results and discussion

Fig. 1,a presents the dependences of the surface potential decay on temperature at a heating
rate of 5°C/min for PP samples without filler charged in the field of positive and negative corona
discharges.

From this graphs we notice that the decreasing curves of the surface potential at different
polarities of the polarizing field turn out to be identical. This result indicates that the relaxation
process of the charge state is associated either with the reorientation of the dipoles in the samples
or with the neutralization of the trapped charge due to the intrinsic conductivity of the polymer
[14].
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Fig. 1. Temperature dependences of the surface potential (relative units)
for polypropylene (PP) charged samples without filler (a) and PP + 4 %
montmorillonite (MM) charged composite films (b); they were treated in the field
of positive and negative corona discharges in both cases
(a heating rate was 5°C/min)
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Fig. 1,b shows the similar dependences of the surface potential decay but for samples
PP + 4 % MM charged in the same fields. In this case, the decline of the surface potential
becomes strongly dependent on the polarity of the corona discharge. The process of surface
potential decay for samples charged in the positive corona discharge field is more intense than
that for samples charged in the negative one. It can be assumed that in this case, sufficiently deep
electronegative traps are formed at the polymer—filler interface. A similar effect was observed in
polyethylene films filled with talc [15], simultaneously with a decrease in the conductivity of the
polymer due to the sorption properties of the filler [16].

An additional confirmation of the above-mentioned double effect of the hydrophilic filler on
the charge relaxation in the polypropylene is the temperature dependences of the current for PP
films with different percentages of MM, pre-polarized in the negative corona discharge field at
room temperature (Fig. 2).

—— PP+2%MM
L —— PP+4%MM
2,00E-012 4 =—=—=PP
0,00E+000 T T T T T
10 20 40 60 70 80 90
L.°¢c
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Fig. 2. Thermostimulated currents for the initial films, composite films
PP + n MM (n = 2 and 4 % by weight), polarized in the field
of the negative corona discharge field (a heating rate was 9°C/min)

Here the intensity of the TST peaks grows significantly with an increase in the percentage of
filler from 2 to 4 % (not proportional to the percentage), which can be explained not only by
an increase in the quantity of traps at the polymer — montmorillonite boundary, but also by a
decrease in the conductivity of the polymer.

The activation energy and frequency factor of the electrically active defects responsible for
relaxation processes in both the initial and filled polymer samples were calculated using the
method of varying the heating rate. As an example, Fig. 3,a,b shows the TSC curves for two
heating rates for the initial PP films and PP ones with 4% of the filler mass.
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Fig. 3. Thermostimulated currents for PP + 4 % MM composite films
(4 % by weight) (a) and the initial polypropylene films (b) polarized in the negative corona
discharge field at different linear heating rates (6 and 9°C /min)
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The formula for finding the activation energy W of relaxers by the temperature positions of the
peaks at two heating rates has the form:

_ BT’
T, T B.T, > ()

m,

my

where T, T , are the temperature values of the maximal currents; [3 [32 are the heating rates; k&
is the Boftzmann constant.

The value of the frequency factor ® was determined by the following formula:

®= v exp L ()
kT, kT, )

m

where T is the temperature of the maximal current at the heating rate B.

The calculation results show an increase in the activation energy W for the composite polymer
compared to the initial one from 0.75 = 0.05 to 1.01 = 0.05 eV at a frequency factor ® of the
order of 10! s7'. Obviously, such results should increase the relaxation time T, of the electret state
in the MM- ﬁlled polymer compared to the initial one.

Indeed, calculated the relaxation time of the electret state by the formula

1 174
= — 3
tr coexp[kl j ©)

at room temperature, increases from 4 min (for PP without filler) to 256 hrs (for PP + 4% MM).

The temporary stability rise of the electret state when filling polypropylene with montmorillonite
is accompanied by an increase in temperature stability. The temperature dependences of the
surface potential in relative units for samples with different percentages of montmorillonite
charged in the negative corona discharge field are shown in Fig. 4.
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Fig. 4. Temperature dependences of the surface potential for PP films and PP + n MM
(n = 2 and 4 % by weight) composite films charged in the negative corona discharge field

Similarly, according to the current spectroscopy data presented in Fig. 2, a significant change
in the decline of the surface potential with an increase in temperature occurs when 4 wt. % MM
is added., as well as the curve at 2 wt.% of the thermally stimulated relaxation of the potential
almost coincides with a similar dependence for the initial polypropylene.

33



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 2024. Vol. 17. No. 1>

Conclusion

The electret properties of the initial polypropylene films and composite polypropylene ones
with montmorillonite filler were studied by the TSRP and TSC methods.

It was revealed that the stability of the electret state increases compared to the initial PP with
an increase in the percentage of montmorillonite to 4 wt.% in polypropylene films. This results
from two reasons: the formation of sufficiently deep charge traps at the polymer—filler interface
and a decrease in the conductivity of the polymer due to the sorption properties of the MMT
filler.

The relaxation time of the electret state in the PP films with 4 wt.% of montmorillonite is
about 256 hrs at room temperature; this result makes it possible to use these composite polymer
films as an active packaging material for food products.

Further studies of the electret properties of polypropylene with a high percentage of
montmorillonite will allow us to determine the optimal percentage of the filler.
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AnHoTamua. B paboTe TIpencTaBiICHBI pe3yabTaThl UYMCICHHOTO MOACIMPOBAHUS PAOOTHI
reTepOCTPYKTYPHBIX AMOJOB HAa OCHOBE MAacCUMBa HUTEBUIHBIX HAHOKPUCTAJLJIOB apceHuaa
nHaus (InAs) Ha KpeMHUEBBIX MOIJI0XKKaAX, 00Jadal0IMX Pa3HBIMU MOJISIPHOCTSIMU, a UMEHHO
— n- U p-TUIIOB. YCTaHOBJIEHO, YTO B 3THUX CJIyYasiX yAaeTcCsl JOCTUYb TEOPETUYECKUX 3HAYCHUI
Koa(ppuuMeHTa uaeanbHOCTU, paBHbIX 1,1 u 2,1, cooTBeTcTBeHHO. JIjs1 MCCaeIOBaHHBIX

reTepoOCTPYKTYp B TemnepaTypHoMm auanazoHe 150 — 300 K xapakTepHbl BbICOKME 3HAUEHUS
KBaHTOBOU 3(DDEKTUBHOCTH TIPU pasaesieHnN (POTOTeHEepUPOBAHHBIX HOCUTEJICH 3apsia.
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Introduction

A promising direction in seminconductor physics is the development of photodetector devices
based on crystalline nanowires (NW). This is of particular importance due to the obvious
advantages of NW over thin-film structures of the same composition.

Firstly, relaxation of elastic stresses occurs on the lateral surface of NW during synthesis due
to the difference in the lattice constants of the semiconductor crystals comprising the substrate
and the NW. This circumstance makes it possible to carry out epitaxial synthesis of a number
of semiconductor materials, such as InGaN, GaPAs, InAsP [1, 2], for which lattice-matched
substrates are either difficult to procure or completely unavailable. In particular, semiconductor
devices can be constructed for axial NW with diameters below the critical value (24—110 nm) [3]
and lattice-mismatched thick layers. The thicknesses of the layers exceed the critical value (several
nanometers) for similar planar structures [4].

Secondly, an equally important advantage of NW is their applications in devices with electronic
size effects or subwavelength-scale localization of the electromagnetic field. Such devices can be
used to create effective photodiodes, single-photon sources, etc. [5].

© Hsopeukast JI. H., MoxapoB A. M., 'onraes A. C., ®énopos B. B., Myxun U. C., 2024. Uznatenn: Cankr-IlerepOyprekuii
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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A third advantage of NWs is that the structure of the devices can be formed not only in the
axial direction (normal to the substrate), but also on the lateral face of the NW (radial geometry,
or core—shell geometry). This circumstance makes it possible to distinguish between physical
processes, such as, for example, light absorption and separation of charge carriers, which is
fundamentally impossible in the case of planar geometry.

This work analyzes the effect of doping type of silicon substrates in the system of indium
arsenide nanowires (referred to as InAs/Si) on the characteristics of the photodetector diode
structure. The study was conducted within the framework of numerical simulation.

Experimental samples and computational procedure

The paper considers two simplified configurations of axial diode heterostructures based on
indium arsenide nanowires on silicon substrates:

n-InAs/i-InAs/p-Si (configuration n—i—p);
p-InAs/i-InAs/n-Si (configuration p—i—n).

The choice of NW sizes was dictated by the optimal waveguide geometry for constructing a
photodiode structure in the communication wavelength range for such NW [6]: length of 2.5 um,
diameter of 300 nm. Notably, with these characteristic sizes of NW, there are no size effects of
energy level quantization in them.

The thickness of the upper emitter was chosen to be 50 nm at a doping level of 10'® cm™3,
which provided a sufficient number of charge carriers for the formation of a space-charge region
mainly inside the NW.

Numerical simulation of the diodes was carried out in the Comsol Multiphysics package.
The calculations were performed within the framework of the drift-diffusion model, taking into
account the Fermi—Dirac statistics for both types of charge carriers. The Shockley—Read—Hall
model was used to account for the effects of charge carrier recombination, with carrier lifetimes
in indium arsenide equal to 30 ns for electrons and 3 ps for holes [7, 8]. The parameters of
semiconductor materials were taken from [8, 9].

a) b)

— Conduction band |
— Valence band
—-Fermi level

1.07

— Conduction band
— Valence band

-1.07 —-Fermi level
-1000 0 1000 2000 -1000 0 1000 2000
Z -coordinate, nm Z -coordinate, nm

Fig. 1. Band structures of the diode at 200 K for cases of p- (a) or n-type (b) substrate chosen

To account for the imperfections in the NW structure, for example, the presence of point
defects or the occurrence of various polytypes in the NW, the carrier diffusion length was varied
during the simulation process. The considered values of carrier diffusion length ranged from
500 nm to 20 pm.

Importantly, the influence of surface conditions on the operation of the diode was not taken
into account in this study.
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4 Simulation of physical processes

Results and discussion

According to the literature data, the InAs/Si heterointerface is a type-I1 heterojunction, where
the top of the valence band in both materials is located approximately at the same energy level, so
it is natural to choose a silicon substrate with p-type conductivity for constructing diode structures
(Fig. 1,a). In turn, a distinct characteristic of this configuration is the propagation of the space-
charge region into the heterointerface region, which in the case of the considered geometry of
the photodetector structure can lead to leakage currents under experimental conditions [10, 11].
Despite the large energy gap between the positions of the conduction band bottom in the two
materials, a reverse-polarity diode can be formed due to the low effective mass for electrons in
indium arsenide. Indeed, if an n-type substrate is chosen, electrons from the substrate must move
to the NW, which can lead to the formation of an electron-depleted region in silicon and an
electron-rich region in indium arsenide.

The position of the Fermi level E_ relative to the bottom of the conduction band for degenerate
semiconductors can be expressed by the following formula [12]:

v2 2
__Z . 2.\3
E, = o (3n’n)3, (1)

where m* is the effective electron mass, # is the carrier concentration, 7 is the reduced Planck
constant.
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Fig. 2. Simulation of photodiode operation: positions of conduction band bottom forp-InAs/i-InAs/n-
Si heterostructure at different temperatures (a); current—voltage characteristics for two types of diodes
at 200 K on logarithmic (modulus) and linear scales (b)

Substituting the effective mass of InAs equal to 0.023 m, (m, is the electron mass) into
this formula, we obtain that the doping level of the substrate about 10" cm™ is sufficient to
compensate for the band discontinuity between #-Si and InAs.

Notably, such substrates are commercially available. The required value may be actually even
lower, due to the appearance of size quantization in InAs along the NW axis with sharp band
bending and a consequent decrease in electron filling density (Fig. 1,b).

Fig. 1 shows the band diagrams for diodes of both polarity types at a temperature of 200 K,
above which (as we discuss below) thermogenerated charge carriers begin to effectively shield the
potential difference between the emitters of the structure.

Apparently, in the case of choosing an n-type substrate, the doping level of 10" cm™ is
sufficient to ensure the required band bending. The height of the potential barrier for electrons
in silicon turns out to be relatively small and provides high conductivity of the heterointerface.

To determine the optimal operating conditions of the considered photodetector structures,
simulation was carried out for various temperatures of the system. It was found for both
configurations at room temperature that shielding of the electric field occurs in the NW volume
due to intrinsic carrier concentration (Fig. 2,a). The intrinsic concentration decreases with a
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decrease in temperature, ensuring an increase in the space-charge region in NW, which is most
noticeable at temperatures below 200 K. Thus, it can be expected that additional cooling of the
structure may be required for efficient operation of the NW array as a photodiode.

The next stage of the simulation was the analysis of the current—voltage (/—V) characteristics of
the considered diode heterostructures (Fig. 2,5) for a characteristic temperature of 200 K determined
earlier. We established that the reverse currents practically coincide for both configurations and
correspond to the value of the current formed by the separation of charge carriers arising in the
NW volume due to the thermogeneration process. The forward-bias region of the current—voltage
characteristic exhibits a significant difference between the two configurations, namely, that the
diode formed on n-type silicon substrate opens earlier.

>
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Fig. 3. Maps for dependence of quantum efficiency of separation of photogenerated charge carriers on
temperature and carrier diffusion length normalized by the length of active region of the NW
for configurations n—i—p (a) and p—i—n (b)

Approximation of the forward-bias region of the current—voltage characteristic using the
Shockley equation [13] for a loaded diode shows that this circumstance is due to the difference
in the ideality factor for two configurations: the p—i—n system has an ideality factor equal to 1.1,
while this value for the n—i—p system is 2.1, which leads to an increase in the open-circuit voltage
of the diode. Analysis of this result allows to conclude that the p—i—n system is more suitable
in cases when low open-circuit voltages are important, for example, as detector diodes in high-
frequency mixers.

At the next stage, we studied the operation of heterostructures as photodiodes. For this purpose,
we carried out numerical simulation of the dependence of separation processes of photogenerated
charge carriers in NW on temperature and diffusion length for two configurations at zero bias voltage.
The electron—hole pairs were produced under optical irradiation of a photoactive structure
by setting a fixed uniform generation rate equal to 1.4-10" cm™/s, which corresponds to the
absorption of optical radiation with a wavelength of 1.55 um and an intensity of 1 W/m? by a
semiconductor material.

The quantum efficiency n was used as a comparative characteristic, calculated as the ratio of
the carrier flux formed in the structure to the total generation rate over the NW volume. Fig. 3
shows maps for the dependence of quantum efficiency n on the temperature of the structure and
the carrier diffusion length normalized by the length of the active region of the NW.

Evidently, almost complete separation of photogenerated charge carriers is achieved for both
configurations at high diffusion lengths. A further decrease in the carrier diffusion length reveals
the difference between the configurations. A decrease in the diffusion length down to values below
the NW length leads to the appearance of a temperature dependence of quantum efficiency. In
particular, there is an increase in quantum efficiency from 0.4 to 0.8 with a decrease in temperature
from 300 to 150 K for the n—i—p system. In turn, the p—i—n system turns out to be more sensitive
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to a decrease in the diffusion length: the quantum efficiency at 300 K also corresponds to a value
of 0.4, but it increases only to a value of 0.6 with a decrease in temperature. In addition, the p—i—n
system demonstrates a lower quantum efficiency even for high values of the diffusion length. This
phenomenon is likely related to the difference between the configurations, that is, the presence of
an electron-rich region near the heterointerface, which leads to an increased recombination rate
of holes near the interface and, as a result, their exclusion from the total photocurrent.

Conclusion

In this paper, we carried out numerical simulation to study the operational modes of two
configurations of a heterostructure photodetector diode based on indium arsenide nanowires
on silicon substrates. As a result of the simulation, we found that the diode structure on the
n-type silicon substrate demonstrates a lower value of the ideality factor and it is more suitable
for problems where low open-circuit voltages are required. The structures had almost identical
parameter values for both systems in photodiode mode, however, the system using the p-type
substrate gives higher values of quantum efficiency. Despite this, both configurations can be
used to build photodiodes based on them, and the choice of specific configuration should be
determined by the technological requirements for synthesis of the structure or the requirements
for the polarity of the system.
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Annoramus. B pabote paccMOTpeHBI KOJeOaHWSI MPU HEJIUHEWHOM IMapamMeTpUYecKoM
BO3/ICUCTBUM M KOMOWHAIIMU 3amna3iblBAHUN B yIPYroctu u jaemrdupoBaHuu. Moesbio
SBJISIETCSL CTEPXKEHb C MPYXWUHOW, TPUBOAUMBIA B [BMXEHHUE UCTOYHUKOM SHEPIUU
OrpaHWYEHHOW MOIIHOCTU. JInsl pelneHusi HEIUHEWHbIX AUddepeHINaTbHbIX ypaBHEHUN
NBVDKEHUST CUCTEMBI MCITOJb30BaH METOJ MPSIMON JMHeapu3aluu HeJduHeiHHocTu. [TomydyeHsl
YPaBHEHUS JUISI OMPEAEICHUSI HECTALMOHAPHBIX M CTALIMOHAPHBIX 3HAYEHUU aMIUIUTYAbl U
daswl konebaHmii, ckopocTu McTouHUKa dHeprun. Ha ocHoBe kputepueB Payca — ['ypsuia
BBIBEJIEHBI YCJIOBUST YCTOMYMBOCTU CTAllMOHAPHBIX PeKUMOB ABUXeHUs. [IpoBeneHbl pacyeTsl
AMIUIMTYHO-YACTOTHBIX XapaKTePUCTUK MPU Pa3IMUYHBIX 3HAYECHUAX NapaMeTPOB, JTUHEMHOMN
U HeJWHENHHOW cuiax ynpyroctTu. CoOOTBETCTByoUIME rpadUKW HAMISIIHO TPEACTABISIOT
COBMECTHOE BJIMSIHUE PA3JIMYHBIX 3HAYEHUM 3amasIblBaHUNA Ha aMIUIMTYIHO-YaCTOTHBIE
kpuBble. [lokazaHo, 4YTO 3ama3ablBaHUS W3MEHSIOT aMIUIMTYIHBbIE KPUBBIE, CYLIECTBEHHO
BJIMSISL HA YCTOMYMBOCTD KOJIEOAHUIA.
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Introduction

All phenomena in nature (the Universe) are cyclical, oscillatory motion occurs in all types
of systems (physical, biological, technical, etc.) [1]. Excitation of oscillations can be caused by
various reasons, including the presence of a delay in many systems [2, 3, etc.]. The appearance
of delays in mechanical systems can be caused by the elasticity of materials and internal friction
in them. Many studies considered time-delay systems [3—17, etc.], however, they did not take
into account the properties of the source supplying energy to the system. Real physical systems
function using some kind of energy source with limited power. This is scarcely addressed in the
literature. Energy consumption issues, as well as related environmental and climate change issues,
have now become particularly important.

In most cases, time-delay systems are analyzed based on nonlinear differential equations with a
deviating argument. These equations are solved by various methods of nonlinear mechanics [18—
20, etc.], characterized by high labor and time costs. The direct linearization method (DLM),
described in [21—23] and other works, does not have these costs, which provides an advantage
over known methods of nonlinear mechanics. Its essential properties are also simplicity and the
possibility of obtaining finite ratios regardless of the degree of nonlinearity, which makes it easy
to use it in practical calculations.

Many systems (pendulum with a vibrating pivot, shaft, driveshaft, gear train, railway bridge, etc.)
experience parametric oscillations, which can be caused by both linear and nonlinear excitations.
Parametric oscillations under linear and nonlinear (quadratic) excitations were considered in
monograph [24].

The goal of this study is to analyze parametric oscillations taking into account the properties
of the energy source, nonlinear parametric action (cubic) and the presence of delays in elasticity
and friction.

Equations of the system and solutions

Let us take as a basis the model and equations (formulated assuming that oscillations of the
rod taking the form of the first eigenmode of free bending oscillations), where the dynamics of the
system is supported by a limited-power motor (Fig. 1) [25]. Taking into account the nonlinearity
of parametric excitation as well as delays in elasticity and friction, we obtain the following
equations of motion:

J$=M($)—0.5¢,y* cos ¢ —0.5¢c, sin 2¢ —c, cos ¢,

n*El P 2 /
where (02:%’ c= 2[3" 1__0 , :%, 02:—%, m:%’ BIZ%’ R):ﬁ)cl,

j— X j— —
A= , G=a1, ¢ = fonc

© Amudos A. A., 2024. Uznatens: Cankr-IlerepOyprekuii monurexunueckuii yausepcureT [letpa Benukoro.
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The quantities o, ¢, m, B, b, ¢,, c,, ¢,, P,, P, in Egs. (1) are constant; ¢,, B are the spring constant
and the resistance coefficient; p is the mass per unit length of the rod; E7 is the bending stiffness
of the rod along the y axis; f is the precompression on the spring; f(y) is the nonlinear component
of elasticity; ¢, = const, k = const , y = y(t—1), y, = y(t—m),Tt = const and 1 = const — are the
delays; J is the moment of inertia of the motor rotor rotating the crank of radius r, connected to
the spring; M (¢) is the driving torque of the motor (taking into account the resistance forces); ¢ is
the rotational speed of the motor.

In practice, representation of nonlinearity by means of a polynomial function has become
widespread. Let us adopt it as the nonlinear component of the elastic force f(y) in the form

F=Yry

where y = const, s = 2,3 ...

Fig. 1. Model of oscillatory system:
r, is the crank radius; /is the geometric size; c, is the spring constant; ¢ is the rotational speed of the motor

f;(y):Bf tc,y.

Here Bf, c are the linearization coefficients defined by the expressions

B, =) Nya', s=2,4,6, .. (s is even), o

Cf =Zﬁsysa3_l) s :395777 b (‘S ls Odd)’

where a = max|y|; N, = (2r + 1)/(2r + 1 + ), ris the linearization accuracy parameter, whose
selection interval is unlimited but sufficient within 0—2.
Taking into account expressions (2), Egs. (1) take the form

J+By+’y+by’sing=-m" (B, +c,y)—k y, —c.y., 3)
J§ =M (p)—0.5¢,y" cos—0.5¢, sin 2¢p —c, cos .

To solve Egs. (3), we apply the DLM and the procedure presented in [23] and other studies.
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Using the functions
y=acosy, y, =acos(y—p1), ¥, =—apsin(y—pm), ¢=0Q, y=pt+&, p=Q/2,

we obtain the following equations for nonstationary motion:

da a ba’
—=——(B, +k_ cos pn—2c.Q " sin pt)+ cos 2&,
dt 2( b ! ) 4Q

dé 40’ -Q° ¢ 1, . c ba® . (4)
= +——+—k_sin pn+—-cos pt———sin 2§,
dt 40 mQ 2 PN PTG :

@ 1
da J

c,a’
{M(Q)— : ]

The conditions a =0, éz 0, QO =0, provide the following relations for stationary motion
4m*A* + D* =4m*b*a’,
1g2& =—D/2mA,

®)
M(Q)-S(a)=0,

where 4 =2Q(B, +k, cos pn) —4c_sin pr,
D =m(40’ = Q) +4c, +2mQk, sin pn+4mc, cos pt, S(a)=c,a’ 8.

The expression S(a) represents the load on the energy source from the oscillatory system. The
intersection points of the curves M(Q) and S(a) determine the speeds Q.

Stability conditions

Stationary motions need to be analyzed for stability. Composing the equations in variations
for Egs. (4) and using the Routh—Hurwitz criteria, we obtain the conditions for the stability of
otatovopy oscillations:

D, >0, D, >0, DD,-D, >0, ©)

where Dl = _(bll +bzz +b33 )a Dz = b11b33 +bnbzz +b22b33 _b23b32 _b12b21 _bl3b

31°

D3 = b1|b23b32 + b12b21b33 _bl 1b22b33 - b12b23b31 _b13b21b327

1 c,a a . ba®
b, :7Q, by, =—42—J, b, =0, b, =—§cr smpt—ﬁcos%,,
1 . 3ba® ba® .
b,, =—5(B1 +k, cos pn—2c,Q 1smpr)+ 20 cos2¢&, by, :—Esm%ﬁ
0)2 Cf C ba2 . 1 acf ba .
b, =-0,25—-— —————2-cos pt+—sin2§, b, =———— —sin2¢,
31 O @ OSPTTetinge by = a5 g st

ba* d
b33 =— 60082&, Q :EM(Q)

The slope of the energy source characteristic Q = dM/d€2 makes it possible to determine the
regions where the oscillations are stable or unstable.
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Fig. 2. Amplitude—frequency curves for the case of linear elastic force; y; = 0; the values of the
parameters pn and pt are varied. For comparison, the case with the absence of delays is given in all
graphs (kn =0, ¢, =0, curves I).

The shaded sectors for the slope Q of the energy source characteristic (at point A and others) correspond
to stable oscillations. Parameter values: pn = 0 (a), n/2 (b), n (¢), 3n/2 (d); p, = n/2 (curves 2),
n (curves 3), 3n/2 (curves 4)

Calculations performed and main results

Calculations were carried out to obtain information on the effect of nonlinear parametric
effects and delays on the dynamics of oscillations. The nonlinear component of the elastic force
was taken as

() =y, v, =102 kgf -em ™,
and the other parameters had the following values:

1

o=1s", m=1kgf-s*>-cm™, ¢, =0.07 kgf -cm ™,

-1 -1 -1
B=0.02 kgf-s-cm™, k, =0.05kgf -s-cm™, ¢, =0.05 kgf -cm™.
The following values were accepted for delays:
p =0, t/2, n,; pt= 0, n/2, n,37/2.

The linearization coefficient N, = 3/4, which corresponds to the linearization accuracy
parameter » = 1.5.
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All results calculated by the DLM completely coincide with those calculated by the widely
used Bogolyubov—Mitropolsky asymptotic averaging method [18], as the number 3/4 is obtained
using both methods.

Figs. 2—4 shows the amplitude—frequency curves a(Q) for linear and nonlinear elastic forces
(the quantities in the graphs are normalized). All graphs show different parameter values, and the
solid curve 1, which is given for comparison, corresponds to the absence of delays (kn =0,c =0).
Criteria (6) are satisfied within the shaded sectors (see Fig. 2) for the slope Q of the energy source
characteristic, and stable fluctuations occur only in fairly narrow frequency ranges at

v;=0, k, =0, pt=mand pt = 3n/2.
These sectors should be shown on the load curve S(a) but for brevity they are shown instead on

the amplitude—frequency curves. There is no stability in the cases when y, = 4 0.2 in the entire
range of resonant frequencies for all delays considered.

a) c)
a ;
o
4
25 £ *; N
| 20}
1-5_ 1.5}
1.0 I | I I I
2.0 algn S 20 22 - 2-6 Q

Fig. 3. Amplitude—frequency curves similar to those shown in Fig. 2 but with a nonlinear elastic force;
v, = 0.2. The numbering of the curves also corresponds to that in Fig. 2.
Values of parameters pn: n/2 (a), = (b), 3n/2 (c)
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Fig. 4. Amplitude—frequency curves similar to those shown in Fig. 3, but y, = —0.2. The numbering
of the curves corresponds to that in Figs. 2 and 3. Values of parameters pn: n/2 (a), n (b), 3n/2 (c)

Conclusion

The paper considers the dynamics of a rod with an energy source of limited power under
nonlinear parametric action and a combination of delays in elasticity and damping. To obtain
information about the effect of delays on the dynamics of the system, calculations were performed
for stationary oscillations. The obtained results clearly illustrate the combined effect of various
delays on the amplitude—frequency curves. Analysis of the obtained results allows to conclude
that the delays have a significant impact on the picture of interactions:
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they change the amplitude curve in the amplitude—frequency plane, shifting it right-left and
up-down;

they affect the stability of oscillations.

The results of the analysis of the interaction of oscillatory systems with energy sources and the
phenomena that arise in this case are described in detail in monographs [25, 26] and many other
works on this area of oscillation theory. For this reason, we will not dwell on them and only note
that similar effects are observed in the presence of delays.
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Abstract. In the paper, the results of a study of the influence of the magnetic shield mag-
netization on the relative frequency instability of small-sized rubidium atomic clocks have been
presented. The atomic clock was placed in a rotating magnetic field, simulating the magnetic
situation in the orbit of a navigation satellite, moving in orbit and rotating around its own axis.
The magnetization of the magnetic shield of the atomic clock was shown to increase its shield-
ing factor. This result makes it possible to significantly reduce the influence of geomagnetic
field variations on the frequency stability of onboard atomic clocks.
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Annoranug. B padote npencraBiaeHbl pe3yabTaThl UCCASAOBAHUS BIUSHUASI HAMarHUYMBaHUS
MarHUTHOTO 3KpaHa MaJlorabapUTHBIX PYOMAMEBBIX ATOMHBIX YaCOB Ha OTHOCHUTEJIbHYIO
HECTaOMJIbLHOCTb MX YaCTOTbl. ATOMHBIE Yachl pa3MellaCh BO BpalllalolIeMCsl MarHUTHOM
MmoJjie, WMWTHUPYIOIIEM MAarHUTHYI0O OOCTaHOBKY Ha OpOWTe HABUTAlIMOHHOTO CIYTHUWKA,
BO3HUKAIOIIYIO KaK IPHU €ro OpOMTAIBHOM IBUKCHUM, TaK U B pe3yIbTaTe BpallleHUS CITyTHUKA
BOKpPYT coOcTBeHHOI ocu. [loka3aHO, 4TO HaMarHMYMBAaHUE MAaTHUTHOTO 3KpaHa aTOMHBIX
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Introduction

As a mobile charge carrier moves in a geomagnetic field (for example, a navigation satellite
in near-Earth orbit), the geomagnetic field vector changes its direction relative to the optical
axis of the onboard rubidium atomic clock (AC), which generates their orientation error due
to the difference in the longitudinal and transverse shielding factors of the magnetic shield [1].
The magnitude of this error is determined by the quadratic term in the dependence expressing
the relationship between the resonant frequency of the atoms of the working substance v and the
strength of the working magnetic field H inside the shield. This relationship is expressed as [2]:

v=yv, + pH? (1)

where v, is the frequency of the atomic transition, v, = 6.835-10° Hz; B is the scale factor,
B = 0.0905 Hz':m?/A? for rubidium-87 atoms.

It follows from expression (1) that relative instability of the AC frequency at the level of 1072
for H= 8 A/m and operation in a geomagnetic field on the Earth's surface (H, = 40 A/m) can
be achieved for a rubidium-87 AC with the shielding factor of the magnetic shield exceeding 10*.
However, as the direct experiment described in [3] shows, the longitudinal (directed along the
optical axis of the AC) shielding factor of the magnetic shield in rubidium AC is orders of
magnitude less than this value (due to the presence of seams and holes in the shields). For example,
according to [1], the ratio of the longitudinal to transverse shielding factors for miniature AC with
a volume of less than 3 cm? reaches 10%. The absolute values of these coefficients are determined
not only by the size and shape of the magnetic shield, but also by its magnetic permeability.
The value of this parameter, in turn, significantly depends on the external magnetic field, which
determines the change in the shielding properties of the magnetic shield during its magnetization.

The goal of this paper was to experimentally study the effect of magnetization of a magnetic
shield by an external magnetic field on the relative short-term frequency instability of small-sized
rubidium atomic clocks under an alternating magnetic field simulating the geomagnetic situation
in the orbit of navigation satellites.

Experimental procedure and results

The experimental evaluation of AC frequency shifts under optical pumping of rubidium vapor
was carried out in a rotating magnetic field with a setup similar to the one whose block diagram
and measurement technique were described in detail in [3, 4].

The setup contained a magnetic system comprising three pairs of Helmholtz rings, with small-
sized rubidium AC placed in the center (their linear dimensions were 75 x 75 x 35 mm),
connected to a frequency detector. A working magnetic field with a strength of about 8 A/m was
generated inside the magnetic shield. A rotating magnetic field H was generated in the plane of

© Epmaxk C. B., Cemenos B. B., bapanoB A. A., Poratun M. A., Cepreea M. B., 2024. Uznarens: Cankr-IletepOyprckuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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the optical axis of the AC; its amplitude was selected in the range of geomagnetic field strengths
(in A/m) in the orbit of satellite navigation systems. Relative variations in the frequency of the
AC were measured using a frequency comparator; a stationary configuration of the rubidium AC
whose relative instability was 107" per 100 s was used as a reference. In addition to the relative
variations in the frequency of the AC, the dependence of the Allan deviation on the measurement
time was recorded.

At the preliminary stage, we obtained an experimental estimate of the longitudinal shielding
factor of the AC magnetic shield. For this purpose, compensation of the vertical component of
the Earth's magnetic field, amounting to approximately 36 A/m, was performed using a magnetic
system. The longitudinal factor of AC shielding was estimated in the presence of a residual
horizontal component of the Earth's magnetic field by measuring relative frequency shifts of
the AC at the strengths of the magnetic field of 40 and 56 A/m along the optical axis as well as
with a sequential change of its polarity. Fig. 1 shows the relative frequency shifts of the AC (the
difference Av between the frequency standard and the AC considered) measured in the presence
of an external magnetic field H.

The obtained values of the relative frequency shift of the AC (see Fig. 1) allowed to estimate
the weighted average longitudinal shielding factor, amounting to about 600. The small-sized
rubidium AC selected for the study, which, as measurements showed, had a low longitudinal
shielding factor, made it possible to better illustrate the influence of the external magnetizing field
H,_on the shielding properties of the magnetic shield.
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Fig. 1. Relative frequency shifts Av of the atomic clock under an external magnetic field H, A/m:
—40 (1), +40 (2), —56 (3), +56 (4). Corresponding shifts Av, 107": +8 (1), —8 (2), +10 (3), —10 (4

As noted above, the influence of the external magnetic field strength on the shielding properties
of magnetic shields is due to a change in the magnetic permeability of their material [5]. For this
reason, the choice of material for layers of multilayer magnetic shields (especially the material of
the outer layer) of the AC should take into account the magnetic environment where it is planned
to use the AC. For example, the magnetic field strength in the orbit of navigation satellites
(altitude is about 20,000 km) turns out to be an order of magnitude less than the magnetic field
strength on the Earth's surface [6].

As satellite navigation systems travel in orbit, a change in the orientation of the geomagnetic
field vector relative to the optical axis of the onboard AC occurs automatically every half-period
of the satellite's rotation in orbit, i.e., in the time instants when the orientation error of the AC is
manifested to the greatest extent. The half-life of the satellite's rotation lies in the range of values
from 5 to 7 hours for different satellite navigation systems, which does not exclude the inversion
of the geomagnetic field vector with respect to the optical axis of the AC in shorter time intervals.
A similar situation arises under rotation of the satellite relative to its own axis, which causes the
corresponding orientation error of the onboard AC.

This particular rotation case was investigated in experiments with AC under conditions
simulating the magnetic environment in the satellite orbit at a fixed angular rotation frequency
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J,, = 0.01 Hz. The variation in the field generated by the magnetic system was carried out by a
sinusoidal law with an amplitude # = 2.5 A/m in the plane of the optical axis of the AC. The
degree of influence of the rotating magnetic field on the frequency of the AC was determined due
to the Allan deviation property, which reaches a maximum value during the measurement time
equal to the half-period of the rotating magnetic field [1].

In the absence of an external rotating magnetic field (H, = 0), the Allan deviation decreased
in direct proportion to the square root of the measurement time (by the law t'/2), which is
characteristic for rubidium AC with stationary position.

Fig. 2 shows the dependences of Allan deviations of the atomic clock frequency on the
measurement time in the range of 1—100 s. This time range was chosen to reduce the influence
of flicker processes on the measurement results. In this case, the Allan deviation was 1.6-107'2 at
a measurement time of 50 s.
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Fig. 2. Experimental dependences of Allan deviations (symbols) on the measurement time, with
varying values of the external rotating (/) and constant magnetizing (H,) fields (in A/m):
H = H, =0 (black curve); H = 2.5 (all other curves) H, =0 (black and blue curves) 4.2 (red curve),
8.5 (green), 12.8 (brown) (see Table)

The introduction of an external rotating magnetic field led to a significant change in the nature
of the dependence of the Allan deviation on the measurement time: the deviation increased
to the level of 1.9-107'! at T = 50 s. All three components of the Earth's magnetic field were
pre-compensated to preserve experimental validity. A rotating field H was applied in the first
experiment, and there was no constant magnetizing field H,_ oriented along the optical axis of the
AC (see Fig. 2, crosses and blue lines).

Fig. 2 also shows the results of subsequent experiments: the dependence of the Allan deviation
of the AC frequency on the measurement time in the presence of two magnetic fields: # and H,
with the latter amounting to 4.2, 8.5 and 12.8 A/m, marked with different symbols and lines of
different colors. The Allan devratron for the averaging time of 50 seconds was (107'2): 17.0, 5.7
and 2.5, respectively. A certain increase in the value of the Allan deviation for a measurement
time of 20 s is due to the peculiarities of the operation of the AC thermostat.
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Table

Dependences of Allan deviation on range of measurement time 1
at fixed amplitude of external rotating magnetic field and different
values of constant magnetizing field Hex (see Fig. 2)

Allan deviation, 1072, for H, (in A/m)

oS 0.0 42 8.5 2.8
6.0 5.9 6.1 6.8

4.3 4.5 4.8 5.0

5 34 3.0 3.3 3.5
10 3.5 3.2 3.2 3.7
20 4.2 3.6 3.7 4.1
50 19.0 17.0 5.7 2.5
100 13.0 14.0 3.3 1.4

Note. The amplitude of the rotating external magnetic field /= 2.5 A/m.

Table compares the obtained values of the Allan deviation for the dependences shown in Fig. 2.

As follows from the above experimental data, magnetization of the magnetic shield can
significantly increase the shielding factor of the AC, while the suppression of magnetic variations
is manifested to a greater extent with a decrease in the intensity of the alternating magnetic
field H, simulating the magnetic situation in the orbit of a navigation satellite. According to
the data given in Table, the variations in the external magnetic field were suppressed by about
8 times in the magnetized shield of small-sized rubidium AC at an averaging time of 50 s and
at H = 2.5 A/m.

If the magnetization field is oriented perpendicular to the optical axis of the AC, the order of
Allan deviations and the dynamics of their variations with increasing averaging time are similar to
the case of longitudinal orientation of the magnetizing field.

The dependence of the Allan deviation on the strength of the magnetizing field H,_is notable
in that it is similar to the initial segment of the curve expressing the dependence of magnetic
permeability of the ferromagnetic material (permalloy) used in the magnetic shield on H,_[5].
Interestingly, the magnetic field strength H, = 12.8 A/m, at which the stability of the AC
can be increased by about 8 times, corresponds to a region where the magnetic permeability
u is significantly (by orders of magnitude) higher than its initial value corresponding to zero
magnetic field H, .

Conclusion

Analysis of the results obtained in the experimental study allows to draw the following
conclusions:

1. The shielding factor of the magnetic shield significantly depends on the magnitude of the
external magnetic field where the small-sized rubidium AC is located. The obtained value of
the longitudinal shielding factor increased by about 8 times for the magnetizing field strength of
12.8 A/m and the amplitude of the external rotating magnetic field of 2.5 A/m, corresponding to
the geomagnetic field in the orbit of the navigation satellite.

2. The effect of increasing the shielding factor of the magnetic shield is practically independent
of the direction of the applied constant magnetizing field Hex (relative to the optical axis of the
AC), suggesting an isotropic nature of the influence of this field on the stability of the measured
frequency.

3. Exceeding the threshold value of the external magnetic field strength (several to tens of A
/m) corresponding to the maximum value of the magnetic permeability of the magnetic shield
material may lead to a decrease in its shielding factor, and, consequently, to a deterioration in
the stability of the AC frequency.
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The experience accumulated in experiments with industrial small-sized rubidium AC can be
valuable for developing rubidium AC for small satellites [7] as well as for a wide class of AC using
magnetic shielding from an external magnetic field. Such devices include small-sized hydrogen
masers [8], miniature AC based on the effect of coherent population trapping [9] as well as
atomic-beam quantum frequency standards [10].

Predicting the optimal value of the magnetizing field strength in these devices is a rather
complex problem, sing a number of factors have to be taken into account (type of AC, working
magnetic field, material, shape and size of the shield).

Therefore, it is preferable to select the strength of the constant magnetizing field Hex empirically
for each specific case, which was accomplished in this paper.
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Introduction

One of the practically important directions in the development of modern microwave electronics
is the creation and improvement of subterahertz radiation sources driven by electron beams (see,
for example, [1—3]). In this paper, we consider the possibilities of using field emitters to form
electron flows with annular cross-section, necessary for miniature but high-voltage devices of this
frequency range. The field emitters developed [4—9] have obvious advantages over hot cathodes,
since they do not require heating and provide rapid (practically inertialess) on/off switching of
the electron source.

However, the development of electron-optical systems (EOS) with field emitters is difficult
due to the lack of information about the characteristics of electron flows that they generate. We
previously conducted an experimental study of the spatiotemporal and velocity characteristics of
electron flows in EOS with field emitters whose electrode configuration is typical for gyrotron-
type devices [10]. However, the measurements were performed only at low magnetic fields not
exceeding 0.1 T.

In this paper, we investigate the characteristics of electron flows generated in the EOS with
multi-tip field emitters in significantly higher magnetic fields (approximately up to 2.5 T), typical
for gyrotron devices of the sub-THz range.

Experimental procedure and instrumentation

The cross-sectional view of the EOS used to measure the characteristics of electron flows is
shown schematically in Fig. 1.

1 2.~ 3 5

L~

Fig. 1. Schematic of electron-optical system (EOS) with a retarding field analyzer
(installed in the center of the solenoid):
cathode system /; control electrode with annular aperture 2; channel 3 for electron beam transport (e); solenoid
4; protective grids 5, 7, retarding grid 6; electron collector &

© Tapamaes E. Il., Comunckuit I'. I'., Tapamae C. Il1., 2024. Uznarenn: Cankr-IleTepOyprckuii MOJUTEXHUUECKUI
yHuBepcuret I[lerpa Benaukoro.
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The dimensions of the main parts of the EOS and the analyzer are shown in Table. Magnetic
field pulses with a duration of 10 ms were generated using a solenoid to compress and confine
the electron flow. To ensure field emission, a pulse of negative (relative to the grounded control
electrode) voltage U with an amplitude up to 15 kV was applied to the cathode. The pulse
duration was varied from 10 to 100 ps.

Table
Main geometric parameters of electron-optical
system (see Fig. 1)
Element Parameter Size,
mm
Distance between control electrode 2 and
2.00
cathode /
Aperture width in control electrode 2 2.00
Cathode system / Average diameter of field emitter 14.0
Width of field emitter 0.65
Tip height and distance between tips 0.03
Coil diameter:
t 1 42
Solenoid 4 externa
internal 30
Length of solenoid 4 200
Electron velocity Distance between protective (5) and retarding ’
analyzer (6) grids

A magnetic field was applied, increasing from a minimum B, at the cathode to a maximum B
in the center of the solenoid. The maximum value of the magnetlc flux density B, varied from
0.1 to 2.5 T. The magnetization reversal coefficient £k = B /B, could be adjusted by moving the
solenoid along the axis. The current / of electrons in the beam and the longitudinal component of
the electron velocity ¥ (directed along the magnetic field lines) were experimentally measured; the
transverse component of the velocity V| (directed perpendicular to the field lines) was calculated
using a previously developed technique [10].

The electron velocities were determined by the retarding field method using the analyzer
(see Fig. 1 and Table). The analyzer was placed in the region of magnetic field uniform along
the axis, near the central plane of the solenoid section. The delay curves (dependences of the
current / of the electrons passing to collector 8 of the analyzer on the magnitude of the retarding
negative (relative to the ground) voltage U, applied to grid 6) were measured. Since electrons
with the velocity V| < (2¢U,/m )" do not fall into collector 8, the resulting delay curve /(U) was
reconstructed in the coordinates Iv).

The spectrum of longitudinal electron velocities V| was obtained by differentiating the curve
I(V,). The transverse velocity spectrum V, was determined taking into account the information
about the total energy eU of electrons in the beam and the data obtained on the distribution of
electron velocities in the longitudinal direction.

Before taking measurements, the cathode was trained with current sampling up to 20—25 mA
for a time of up to ten hours. The operation of the electronic flow generation system was
stabilized.

Results and discussion

The electron source operated stably under technical vacuum in the entire studied range of
beam currents (the pressure was approximately 1077 Torr). After the training was completed, the
variation in the beam current in a single pulse did not exceed 1%.
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Fig. 2. Measured characteristics of the EOS: voltage characteristic (a); waveforms of cathode voltage
and the current in the collector, respectively (b, c)

Fig. 2 shows the current—voltage characteristic of the studied EOS as well as waveforms of
voltage pulses and electron current to the analyzer collector. The EOS made it possible to obtain
beam currents over 20 mA in the modes considered.

Figs. 3 and 4 illustrate the main results of the analysis of electron velocity spectra in the
flow generated by the electron gun with the multi-tip field emitter. Fig. 3 shows experimentally
measured spectra of longitudinal and transverse velocities in electron flow at different values of the
beam current. Fig. 4 shows the transformation of the spectra with a change in the magnetization
reversal coefficient and the maximum magnetic flux density B for fixed current in the beam.

a) b)
drdv , au. dl/dVH, a.u. =22 mA
1.0- 1.04 12.5
0.5 0.5 Y
1.8
£ 0.0 — - -
0.0 3107 4x107 5%107 V,, m/s

I’

Fig. 3. Spectra of transverse (a) and longitudinal (b) electron velocities in the electron beam in EOS
at different currents; maximum magnetic flux density B, = 2.5 T,
magnetization reversal coefficient &k = 13

The RMS spread of electrons over the transverse velocity reached about 50% for the entire
electron flow. The data obtained indicate that the shape of the transverse velocity distribution was
practically unchanged with the beam current varying over a wide range (from 0.1 to 25 mA). The
pitch factor averaged over the entire electron flow increased from 0.26 to 0.30 with an increase
in current.

The variation in the magnetic field in the cathode with a fixed magnetization reversal coefficient
has practically no effect on the electron velocity spread. An increase in the magnetization reversal
coefficient from 13 to 28 at constant voltage U and magnetic flux density B, leads to a decrease
in the beam current. The average pitch factor increases markedly from 0.24 to 0.38.
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Fig. 4. Spectra of transverse (a) and longitudinal (b) electron velocities in electron beam in EOS at
different magnetization reversal coefficients k£ and maximum magnetic flux densities B, (c).
Current in the electron beam 7 = 22 mA

Conclusion

Let us overview our main findings. We obtained data on the values of currents as well as
electron velocity spectra observed in an EOS with a multi-tip field emitter. In our opinion, these
results might prove indispensable for developers of subterahertz microwave devices.

In the future, it is planned to study the characteristics of flows in electron-optical systems with
multi-tip and multilayer emitters [9].
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Introduction

During plastic deformation, a significant number of dislocations remain trapped inside original
grains, leading in medium to high stacking fault energy metals to the formation of multiple strain-
induced boundaries [1, 2]. These boundaries have low misorientation angles at an early stage of
the microstructure evolution. The level of misorientation, however, continuously increases with
strain so that high-angle boundaries appear at later stages [2, 3]. The distribution of boundary
misorientation angles is important for evaluation of strength properties [4 — 7]. Besides, it can
provide important evidence concerning the physical mechanism of the grain refinement during
deformation [2 — 4].

The exhibition of microstructure evolution depends, in particular, on the deformation
temperature. During low-temperature deformation, the phenomenon called fragmentation [2]
takes place, namely, the subdivision of original grains into volumes, which mutual misorientations
gradually increase in the process of deformation. An increase in temperature promotes dynamic
recovery leading to a reduction of dislocation density and formation of lower-energy dislocation
substructure [1]. With a further rise in temperature, a dynamic recrystallization (DRX) occurs: both
the discontinuous DRX, which involves the formation of new grain nuclei and their subsequent
growth at the expense of surrounding substructure, and the continuous DRX, when the new fine
grains develop without the nucleation stage by a gradual increase in subgrain misorientations
[7 — 9]. At the same time, it remains unclear whether temperature increasing influences the
mechanism of grain subdivision [9].

A scaling behavior in the boundary misorientations has been found by D. A. Hughes and co-
authors [3]: it turned out that the misorientation angle-distribution determined at various strains
was invariant with respect to the average misorientation angle. Such a scaling has a physical
significance, since it indicates that a physical mechanism remains unchanged when changing
external conditions.

In the present study, this approach has been used in order to clarify to what extent a change in
the conditions of deformation influences the mechanism of grain subdivision. In this concern, the
misorientation distribution of strain-induced boundaries were examined in polycrystalline copper
deformed in tension under various conditions.

Materials and methods

Cylindrical copper specimens were tensile strained until fracture in three ways:
(i) at a strain rate of 3-107 s”! at room temperature (specimen 1),
(if) at the same strain rate but at 400°C (specimen II),
(ii7) under a constant stress of 120 MPa at 400° C (specimen III).

The fracture of specimen III happened after half an hour of deformation. For the following
examination, the necked specimen has been cut along the tensile axis direction, and regions for
the Electron Backscatter Diffraction (EBSD) analysis were chosen in several places within the
neck, on the longitudinal section near the central axis of the specimen. Local strains € in those
places were calculated from the local diameter D of the necked specimen using the equation

g = 2-log(D/D,),

where D, is the initial diameter.

For every specimen studied, the boundary misorientations were analyzed in two regions
corresponding to strains € ~ 0.7 and 1.0. The EBSD analysis was carried out on SEM LYRA
3 XMN RL using Oxford HKL AZtec™ software; further processing of orientation maps was
performed by means of MTEX software [10]. Orientation maps shown in what follows are the
inverse pole figure (IPF) maps plotted with respect to the tensile direction (TD).

In the case of specimen I1I, a considerable part of material turned out to be recrystallized. Since
we were interested in the misorientation distribution of strain-induced boundaries, it was necessary
first of all to separate the non-recrystallized material from the recrystallized one. To do this, we
used grain average misorientation (GAM) derived by averaging kernel average misorientations
over a grain [11]. The latter, in its turn, was calculated as an average of misorientations between
a given point and its nearest neighbors. When using GAM for the separation, it was assumed that
dynamically recrystallized grains did not have a deformation substructure and hence differ by a
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low value of GAM. An example is shown in Fig. 1. One can see that the recrystallized grains,
which easily can be distinguished on the orientation map by a uniform orientation and multiple
annealing twins (Fig. 1,a), are characterized by relatively low GAM values (Fig. 1,b). In the
given example, one can exclude recrystallized microstructure by eliminating grains with GAM
less than 0.3 deg'um™. The distributions of boundary misorientation angle (Fig. 1,c) obtained
for recrystallized and non-recrystallized regions separated in this way confirm correctness of the
separation: the first distribution contains the high-angle peaks corresponding to the annealing
twins of the first order (60°) and second one (about 39°), whereas the latter contains the low-
angle peak corresponding to the strain-induced dislocation boundaries.

9]
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Fig. 1. Inverse pole figure (IPF) (a) and grain average misorientation (GAM) (b) maps of the same
region of specimen 11l and misorientation angle histograms (c) obtained from recrystallized (RX) and
non-recrystallized (non-RX) parts of this region.

The boundaries (Bs) on the IPF map are shown: low-angle Bs (2° <6 < 5°) by light grey color;
mediate angle Bs (5° <0 < 15°) by dark grey; random high-angle Bs (6 > 15°) by black);
>3 Bs satisfying Brandon criterion by yellow

Results and discussion

Microstructure evolution. Fig. 2 shows representative examples of the microstructure evolved
in the deformed specimens. One can see that a grain-scale orientation heterogeneity and multiple
low-angle boundaries develop inside original grains in all specimens. Besides, the orientation
dependence of the microstructure, which has been described earlier [12], is observed regardless
of deformation conditions. At the same time, apparent differences in the microstructures are
observed. In particular, a fraction of [001]-oriented material in the specimens deformed at 400°C
is considerably larger than that in specimen I. The boundaries of [001]-grains in specimen II are
serrated (Fig. 2,e) suggesting the occurrence of local grain boundary migration, which usually
accompanies DRX. Only a small amount of fine recrystallized grains can be found in specimen
II, total area occupied by them remains negligible (about 1 %). However, in specimen III,
deformation of which proceeds at the same temperature but for a longer period, DRX develops to
a much greater extent (Fig. 2,c, f). The area fractions occupied by recrystallized grains are about
5% at € = 0.70 and about 20° at € = 1.05.

In Fig. 3, the misorientation distributions are presented in terms of the boundary length per
unit area. This way of presentation allows not only to determine relative frequencies of boundaries
as function of their misorientation but also to characterize accumulation of strain-induced
boundaries during deformation. One can see that the length of boundaries increases considerably
in the course of deformation at room temperature within the range of strains examined (Fig. 3,a),
both in the low-angle (less than 15°) and high-angle (more than 15°) ranges. With increasing
temperature of active deformation, accumulation of strain-induced boundaries slows down
(Fig. 3,b), supposedly due to dynamic recovery, which promotes more uniform slip and
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Fig. 2. IPF maps for typical microstructures evolved in the studied specimens I — III:
in I, for ¢ = 0.70 (a) and 1.00 (d); in II, for € = 0.65 (b) and 1.00 (e);
in 1L, for € = 0.70 (c¢) and 1.05 (f).
Standard stereographic triangle, which defines coloring of IPF maps, is inserted in Fig 2,q;
the tensile direction (TD) is also shown. Color scheme of boundaries on the IPF maps
is the same as the one given in Fig. 1
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Fig. 3. Distributions of boundary misorientation angles in copper specimens I (a), II (b), III (c),
deformed in tension to various strains under different conditions.
In the insets: Enlarged images of the high-angle parts of the graphs
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counterbalances strain hardening [1]. In specimen III, the recrystallized part of material was
excluded from consideration when calculating the distribution shown in Fig. 3,c using the
procedure described in the previous section. Nevertheless, a boundary length even decreases
with increasing strain for the boundaries corresponding to the high-angle peak. Note that this
peak is due to boundaries of original annealing twins distorted as a result of deformation. One
can suggest that those twins become hardly fragmented in the course of deformation, and hence,
accumulate increased stored strain energy, and, for this reason, new recrystallized grains consume
them predominantly.

Application of scaling hypothesis to EBSD data. Two kinds of strain-induced boundaries are
distinguished [3]:

geometrically necessary boundaries (GNBs) separating regions with different slip system
activity;

incidental dislocation boundaries (IDBs) formed by a statistical trapping of dislocations.

The first kind is also called “fragment boundaries” [2], while the second one is “cell boundaries”.
The IDBs remain low-angle with strain (the average misorientation is about 2° even after the
strains from about 1 to 2), while the average misorientation of GNBs increases significantly
[3, 4]. It was shown by the transmission electron microscopy (TEM) [3] that IDBs and GNBs,
when considered separately, follow unique distributions f1 and f respectively. The latter show
scaling behavior at small and mediate strains. However, at € = 1 or more, this regularity happens
to be violated for GNBs. According to recent study [13], new high- angle boundaries appear at
this stage, whose misorientations fall far away beyond the range of scaled distribution f and
follow another unique distribution f As a result, a total distribution of strain-induced boundary
misorientations consists of three part1a1 dlS'[I‘lbuthﬂS f, (IDB), f, (GNB) and f; (see it in Fig. 4).
The boundaries producing distribution f are in essence also geometncally necessary since they
separate regions with different comb1nat10ns of operating slip systems.

The scaling of GNBs related to distribution
f2 was proved using TEM through their
visual separation from IDBs based on
different morphological features. The EBSD
technique does not allow one to make such
a separation. However, one can try finding
an approximate solution of this problem
from their crystallographic characteristics. To
do this one should isolate an angular range
P [GmA , 01 where distribution f is presented
o1l ] wit mmlmal overlapping with f on the left

; and f, on the right, and then calculate the
probaﬁnhty density p(6/6_ ) for this range. Here
0 5 10 15 20 25 30 0 is the average misorientation angle over the

Misorientation angle, degs gil\vlen angular interval.
Fig. 4. Partial distributions f, f, and f, constituting Based on the available data (see Fig. 4),
total misorientation angle distribution of strain- the contribution of IDBs into the overall angle
induced boundaries in copper deformed by distribution is minor if 0 . = 4° is chosen.

0.5

<. [ (IDB)
—/, (GNB)

Frequency

compression to strains € =~ 1 [13]. On the other hand, the contribution of high-
Vertical lines indicate the bounds of the interval used to  angle strain-induced boundaries (distribution
test scaling behavior of boundary misorientations f ) is negligible for 6 = 25°. A contribution

of original grain bouncfanes is also insignificant

within this interval for the large-grained copper investigated in the present study. Obviously, the

choice of 25° as an upper bound is rather arbitrary, but its slight variation has no significant effect
on the distribution of probability density p(6/0 ).

The normalized angle distributions obtained as described above are shown in Fig. 5. It is seen

that a scaling of misorientations takes place for three specimens studied, suggesting that physical

mechanism of the grain subdivision remains unchanged as the conditions of deformation change.
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Fig. 5. Scaling behavior of misorientations across GNBs for specimens I, II and 111
deformed under different conditions

Conclusions

A tensile experiment has been conducted with polycrystalline copper deformed under three
different conditions: at a constant strain rate at room temperature (23°C) and at 400°C as well
as at a constant stress at 400°C. The evolution of misorientation across strain-induced boundaries
were investigated based on EBSD analysis of regions located on the longitudinal section of the
specimens. An analysis of the results obtained allows us to make the following main conclusions.

1. The exhibitions of a grain subdivision observed in the examined specimens differ with the
deformation conditions. Gradual fragmentation of the original grains occurs at room temperature
within the range of strains examined. At the same time, dynamic recovery and recrystallization
influence the microstructure and texture evolution in specimens deformed at 400°C considerably.

2. A scaling behavior of strain-induced misorientation takes place. This approves that in spite
of recovery and recrystallization effects, the mechanism of strain-induced boundary evolution
remains unchanged. Therefore, at 400°C, which is about half the melting point of copper, this
evolution is controlled by the micromechanics of polycrystalline material, just like the grain
fragmentation at room temperature.
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AnnoTauusa. B HacTosIee BpeMs akTyanbHbI ncciienoBaHus 3Bojonuu cucteM CRISPR-Cas
U UX BO3MOXHOTO MPOUCXOXKIECHUSI OT MOOMJIbHBIX T€HETUUECKUX 3JEMEHTOB TPAHCTIO30HOB.
HenaBHo y HOBOW rpynmbl acrapaapxeil OblM 0OHapyKEHbl YHUKAJIbHbBIE CUCTEMBI, KOTOPBIE
MPEeANnOI0XUTEIbHO (DYHKIIMOHUPYIOT KaK TPAHCIO30HKI U conepxat Casl-1mogoOoHbie OeKu.
B Hacrosmeir pabote miss omHOTO M3 Takux OenkoB, Casl 3, BmepBble ¢ MCITOJIb30BaHUEM
TeHETUYECKUX U OMOXMMMYECKUX TEXHOJOTUI, a TAaKXKe MEeTOHOB 3neKTpodopesa, adhbuHHOMN
xpomaTorpadMu M BBICOKOpa3peliarleil Macc-CIeKTPOMETPUM TOoJyyeHa M YaCTUYHO
oXapakTepu30BaHa ero peKOMOMHAHTHAsl Bepcus. B 4acTHOCTH, MOKa3aHO HaJW4yMe y HEro
AT®-a3Holi aKTUBHOCTU, KOJUUECTBEHHOE 3HAUEHUE KOTOPOIi ObLIO OMpPEIeIeHO ¢ MOMOIIbBIO
MeToa crekrpodoromerpuu. I[lonmydeHHbIe pe3yabTaThl MOTYT OBITH TTOJE3HBI B MTOHUMaHUU
MeXaHU3MOB (PYHKIIMOHUPOBAHUS MTOTEHIIMAIbHOTO npeaiecTBeHHUKa cucteM CRISPR-Cas.
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Introduction

CRISPR-Cas are specific systems of bacteria and archaea protecting them against the invasion

of harmful genetic material (these can be viruses, mobile genetic elements, etc.). Combined with
ribonucleic acids (RNA), proteins of such a system are targeted recognize foreign elements and
insert spacer sequences into them, leading to subsequent degradation. The CRISPR-Cas system
includes a CRISPR cassette and genes encoding Cas proteins [1]. The CRISPR cassette is a
locus in the genome transcribed as short palindromic repeats separated by small unique spacer
sequences. The latter are fragments of foreign genetic material stored in the genome of the

© AobpamoBa M. B., Manbix A. C., latuesa 1. M., Kazanos M. A., Cenbkosa [1. A., fdxkumoB A. I1., BacunbeBa A. A.,
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microorganism from previous infection. Spacers appear due to the adaptation process, i.e., the
insertion of foreign genetic material into the CRISPR cassette. The Casl and Cas2 proteins are
responsible for the adaptation stage in most CRISPR-Cas systems [2].

CRISPR-Cas systems are actively studied from an evolutionary perspective. This not only
expands the fundamental understanding of the biology of such systems, but also offers potential
for developing new technologies and improveming existing techniques for gene editing. The
search for possible evolutionary intermediates can lead to the discovery of proteins useful for
subsequent practical applications.

Earlier, bioinformatics methods traced the evolution of different CRISPR-Cas systems. It
has been hypothesized that part of the adaptation modules has an evolutionary origin from
transposon-encoded integrases, i.e., DNA sequences capable of moving from one location in the
genome to another [3, 4]. In 2020, unique systems were discovered in nucleotide sequences of a
new group of Asgard archaea (Asgardarchaeota), presumably functioning as transposons. All these
systems are united by the presence of large Casl-like proteins, which are homologues of the Casl
protein from the CRISPR-Cas system. One of such systems, aCasl_3, can be regarded as a model
for one of the ancestors of the CRISPR-Cas system [5].

In this study, we obtained for the first time a recombinant version of the Casl 3 protein, a
giant Casl-like protein from the presumably transposable aCasl 3 system in Asgard archaea. In
addition to obtaining a recombinant version of the protein, we carried out its primary functional
characterization.

Materials and methods

Bioinformatic analysis of the Casl_3 protein sequence. The MOTIF library (https://www.
genome.jp/tools/motif/)was used to identify the motifs in the amino acid sequence of the protein.
The search was carried out over the PROSITE [6], NCBI-CDD |[7] and Pfam libraries [8].

Cloning of the Cas1_3 protein gene for expression in producing cells. DNA sequences of Asgard
archaea carrying proteins of the aCasl 3 system exist only as metagenomic data. This paper
considered the aCasl_3 protein system, found in the Candidatus Thorarchaeota archaeon isolate
Yap500.bin9.44 sequence from the GenBank database (ID: JAEOSL000000000.1).

The codon-optimized sequence of the Casl 3 protein gene was synthesized at Cloning Facility
(Moscow, Russia) and cloned into the pEXPR_001 vector. A PCR fragment carrying the Casl_3
protein sequence was amplified from the resulting pEXPR_001_Casl_3 plasmid (a small circular
DNA molecule) by polymerase chain reaction (PCR). A PCR fragment carrying the sequence
of the maltose binding protein (MBP) gene was also amplified from the standard pMJ806 vector
(Addgene, USA).

The PCR fragments were amplified using a Q5 High-Fidelity 2X Master Mix (NEB, UK) in
accordance with the manufacturer's protocol. The sequences of the primers used are given in Table.

The obtained PCR fragments carrying sequences of Casl 3 (4986 bp) and MBP (1101 bp)
proteins were cloned into the rET21a vector by the Gibson method [9] using Gibson Assembly
Master Mix (NEB, UK) (recall that the length of sequenced DNA regions (genes, sites,
chromosomes) or the entire genome is measured in base pairs of nucleotides (bp)). Ndel and
Notl restriction endonuclease sites were selected for cloning.

Expression of the Casl 3 protein gene in producing cells. The pET21a_Casl 3 MBP plasmid
was transformed into competent Escherichia coli (E£. coli) BL21 Al cells using standard methods.
The resulting cells were grown in lysogeny broth (LB) with ampicillin (100 mcg/ml) in a volume
of 500 ml. Cell cultures were incubated at a temperature of 37 °C and uniform aeration on an
orbital rocker until an optical density of 0.6 at a wavelength of 600 nm was reached. Transcription
of the target Casl 3 protein gene was induced by adding arabinose and isopropyl-p-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.1% and 1 mM, respectively. Cell
culture cultivation was continued at a temperature of 18 °C for 16 hours. The cells were collected
by centrifugation at a centrifugal acceleration of 3500 g for 30 minutes. The resulting pellet was
stored at —20 °C.

The induction of Casl 3 protein transcription in the obtained pellet was checked by the
protocol described earlier [10].

Solubility prediction for Casl_3 protein. A 1 ml cell culture was selected after incubation
with arabinose and IPTG (see the previous section). The cells were collected by centrifugation
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Table

Primer sequences used in the study

Sequence, 5 — 3’ [primer designation]
AACCTGTACTTCCAATCCAATATTGGAATGACACGATCAAGAGGAAGGCCCG

[Casl_3 forward primer]
TGGTGCTCGAGTGCGGCCGCAAGCTTTACAACTGCTGCTCCTCAGACTCCGTCGGTTCGC

[Casl_3 reverse primer]
CTTTAAGAAGGAGATATACATATGCACCACCACCACCACCACATGAAAATCGAAGAAGGTAAAC

[MBP forward primer |
ATATTGGATTGGAAGTACAGGTTTTCCTCGATAGTCTGCGCGTCTTTCAGGGCTTC

[MBP reverse primer]

Notations: forward and reverse primers are given.

at 12,000 g for 10 minutes. The pellet was resuspended in 700 pl of lysing buffer comprising
50 mM Tris, 5% glycerol, NaCl solution of different concentrations (150, 500 or 1000 mM);
the acidity (pH) of the buffer was 6.5 or 8.0. Cell lysis was performed by ultrasonic disruption
in an ice bath. Ultrasonic disruption was performed with a LABSONIC device (Sartorius AG,
Germany) at 30% amplitude for 0.2 s. The duration of each treatment cycle was 2 minutes, each
subsequent cooling cycle lasted 2 minutes; the total treatment time was 10 minutes.

The sample was centrifuged at a centrifugal acceleration of 4000 g and a temperature of
4 °C for 10 minutes, then the supernatant was separated from the pellet. 700 ul of lysing buffer
was added to the pellet, resuspended, and then 15 pl were taken from the pellet and from the
supernatant for composition analysis. The analysis was performed by electrophoresis in denaturing
10% polyacrylamide gel (PAAG) using the Laemmli method [11].

Preparation of recombinant Casl_3 protein. The pellet obtained from 500 ml of liquid cell
culture containing the induced Casl 3 protein was resuspended in 15 ml of lysing buffer with
lysozyme and incubated on ice for 20 minutes.

The composition of the lysing buffer (pH = 8.0): 50 mM Tris (C,H, NO,), 5% glycerin, NaCl solution with
a concentration of 150 mM, 1 mg/ml lysozyme.

Cell lysis was performed by ultrasonic disruption in an ice bath by the protocol described in
the previous section, with an extended treatment time (up to 30 minutes). The soluble part of the
lysate and the pellet were separated by centrifugation at 16,000 g and 4 °C for 60 minutes. The
supernatant was used for further purification.

Affinity chromatography was performed with MBPTrap HP Columns (GE Healthcare, USA).
The samples with protein were concentrated using Amicon Ultra-4 Centrifugal Filter Unit (Merck
Millipore, USA) centrifugal concentrators with a 100 kDa filter.

For gel filtration, the resulting sample was applied to a Superose 6 Increase 10/300 GL
column (GE Healthcare, USA) in different buffers (see Results and Discussion below). Fractions
containing the target protein were collected, combined and concentrated using centrifugal
concentrators with a 100 kDa filter.

Glycerin was added to the protein concentrates to a final concentration of 10%. The purified
protein was stored at a temperature of —80 °C.

Quantitative analysis of ATPase activity of Casl_3 protein. The method described in [12]
was used to quantify the ATPase activity (recall that ATP is adenosine triphosphate). A buffer
consisting of 25 mM Tris (pH = 7.5), 10 mM MgCl,, 2 mM ATP, 2—4 mM phosphoenolpyruvate
(PEP), 50 units/ml lactate dehydrogenase, 50 units/ml pyruvate kinase and 4—5 mM reduced
nicotinamide adenine dinucleotide (NADH) was used for this purpose.

First, we measured the background characterizing the hydrolytic activity of the buffer, then
the activity of the protein in the buffer; at the last stage, the activity of the protein in the buffer
was measured in the presence of oligonucleotides consisting of deoxythymines (oligo-dT).
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Absorption curves for NADH were obtained at a wavelength of 340 nm using a Cary 5000
spectrophotometer (Varian, USA). To ensure the reliability of the data obtained, the experiment
was repeated three times.

Results and discussion

Casl_3is a representative of a unique group of Casl-like proteins of the aCasl 3 Asgard archae
systems. This group of proteins has not been studied sufficiently and has not been characterized
experimentally before.

Casl_3, like all other representatives of this group, is a very large protein compared with the
well-studied Casl proteins that are part of CRISPR-Cas systems. It contains 1,368 amino acid
residues, while the Casl protein, for example, of the CRISPR-Cas system of the Streptococcus
pyogenes SF370 (M1 GAS) type II-A bacterium, contains only 289 amino acid residues. Such
a difference in size suggests the likely presence of additional domains in the structure of the
Casl_3 protein.

The first step in this study was to analyze which additional domains may be part of the Casl 3
protein, allowing to draw immediate conclusions about their potential function. Since the spatial
model of Casl 3 has not been solved, such analysis was possible only based on available data
on the amino acid sequence of the protein. We searched for the so-called motifs, i.e., the short
characteristic sequences of amino acids associated with certain functions.

We were able to detect motifs similar to Walker motifs in the amino acid sequence of the
Casl_3 protein. In particular, the Walker A motif is a characteristic sequence GXXXXGKT/S of
amino acid residues, where X is any amino acid residue [13]. The given motif can be represented
by amino acid residues in the sequence of the Casl 3 protein (G143-----G150-K151-T152).
Furthermore, a site similar to the Walker B motif can be found in the amino acid sequence of the
Casl_3 protein (GXXXLhhhD, where X is any amino acid residue and h is a hydrophobic amino
acid residue). This site is formed by amino acid residues G167-----1.172-A173-H174-P175-D176.

It is known that the location of the Walker B motif downstream of the Walker A motif is quite
characteristic for proteins with ATPase activity. The sequences of these motifs bind to the ATP
and are involved in transferring the energy released during hydrolysis of the ATP molecule to the
structural changes of the protein. This allows proteins containing Walker motifs to participate in
functions involved in active transport, cellular mobility, and other biological processes. This refers
to the processes associated with movement and transport within the cell, ensuring efficient use of
the energy released during ATP hydrolysis [14]. As noted above, the Casl_3 protein is part of the
system that most likely acts as a transposon (a mobile genetic element). It is reasonable to assume
that the additional energy obtained during ATP hydrolysis by the Casl_ 3 protein may help the
transposon to incorporate into the genome, thus triggering its mobility.

To test the ability of the Casl 3 protein to hydrolyze ATP, we obtained its recombinant
form. For this purpose, its gene was cloned into a construct for expression in producing cells.
Additionally, we combined the gene of the target protein with the sequence of the MBP protein
gene. The MBP is used to increase the solubility of the target protein in the lysing buffer for
its further purification by affinity chromatography [15]. The resulting pET21a_Casl 3 MBP
plasmid is shown in Fig. 1,a.

The insertion of target genes into the vector was verified by restriction analysis: the resulting
pET21a_Casl 3 MBP plasmid was digested with restriction endonucleases Ndel, EcoRI, BamHI.
Such digestion of the plasmid should produce fragments with a length of approximately 1334 bp,
1841 bp, 2643 bp and 5710 bp (see Fig. 1,b). In the case of such treatment of the original pET21a
vector without insertion, fragments with the lengths of 5399, 38 and 6 bp should be formed . The
sizes of the fragments obtained by restriction correspond to the expected ones (see Fig. 1,b), which
confirms the insertion of target genes into the pET21a vector. For additional verification, the cloned
gene was sequenced (determination of its primary nucleotide sequence) using the Sanger method.

To subsequently isolate the recombinant Casl 3 MBP protein, we needed to test whether its
synthesis is induced in producing cells and whether this protein is soluble.

The verification results for transcription induction of the Casl 3 MBP protein gene are shown
in Fig. 2,a. A product corresponding to the expected molecular weight of the target protein
(232 kDa) was recorded in the 'after induction' sample, which indicated successful synthesis of
Casl_3 MBP in producing cells.
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Fig. 1. Result of cloning the genes of Casl_3 and MBP proteins into the pET21a vector:
scheme of the pET21a_Casl_3 MBP plasmid (carries the genes of the Casl_3 and MBP proteins) (a);
results of restriction analysis of this plasmid (5).

Fig. 1,b: analysis with control without restrictases (/) and restricted plasmid with Ndel, EcoRI, BamHI sites (2);
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Fig. 2. Results of electrophoretic analyses for samples obtained during two tests:
induction of Casl_3 MBP protein synthesis (a) and solubility (b).
The expected molecular weight of the protein was 232 kDa.
Red arrows indicate the positions of the target protein

The solubility of the protein had to be verified chromatographic purification. Therefore, the
conditions under which the Casl_3 MBP protein would have the greatest solubility were selected
at the next stage. To select the best conditions, lysing buffers with different concentrations of
sodium chloride NaCl (150, 500 and 1000 mM) and pH (6.5 and 8.0) were used. Products
corresponding to the molecular weight of the Casl 3 MBP protein were found in all samples:
both in the pellet and in the supernatant (Fig. 2,b), which indicated the solubility of the protein
in all tested buffer solutions. A buffer with the lowest amount of NaCl (150 mM) and pH = 8.0
was used for further purification of the protein, since higher NaCl concentrations may further
interfere with in vitro experiments with this protein.

To isolate the functionally active Casl 3 MBP protein, two-stage purification was performed
using affinity chromatography and gel filtration methods.

Gel filtration was carried out in several configurations. Buffers with different NaCl contents
were used for this purpose. In addition, we carried out purification in a buffer with 2M NaCl with
the protein solution treated with benzonase and TEV protease before gel filtration. Benzonase
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treatment was performed to remove nucleic acids from the protein solution, TEV-protease
treatment was performed to cleave the MBP peptide from Casl 3. It turned out that a peak
consisting of Casl 3 MBP appears on the chromatogram in the region of 12—14 ml when
the protein is purified in a buffer containing 2M NaCl (Fig. 3). However, as previously noted,
buffers with a high NaCl concentration may interfere with further experiments. For this reason,
we decided to use protein fractions obtained after the affinity chromatography stage to verify the
presence of ATPase activity.

The ability of the recombinant Casl_3 MBP protein to hydrolyze ATP was tested in vitro. The
activity of the RecA protein was measured simultaneously as a positive control. Fig. 4 shows the
results of the experiment as a dependence of the quantity of hydrolyzed ATP on time. Evidently,
the purified Casl 3 MBP protein has ATPase activity with a constant hydrolysis rate, as does
the RecA protein.

5001
— 150 mM NaCl
400 500 mM NaCl
2M NaCl
2M NaCl + benzonase
2 - 2M NaCl + TEV-protease
E 300
o
o
N
< 200-
100
0_
T T T 1

T
8 10 12 14 16 18 20 22
Volume, ml

Fig. 3. Chromatographic profiles of gel-filtration purification of Casl 3 MBP protein using various
buffer conditions (see the legend). A peak related to this protein was detected at a volume of 13 ml
(marked with a red arrow)upon isolation of this protein in 2M NaCl solution
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ey
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Fig. 4. Time dependences of ATP hydrolyzed by Casl 3 MBP and RecA proteins in the presence and
absence of oligonucleotides consisting of deoxythymines (oligo-dT), in solution

The rate of ATP hydrolysis by RecA protein ranged from 17+£3 mmol/min with the addition
of oligonucleotides consisting of deoxythymines (oligo-dT), which coincides with the literature
data [16]. The hydrolytic activity of RecA depends on oligo-dT, therefore, ATP hydrolysis was
not observed in their absence.
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The rate of ATP hydrolysis by the Casl 3 MBP protein was 6.0+1.5 mmol/min both in
the presence and in the absence of oligo-dT. The lack of dependence of hydrolytic activity of
Casl_3 MBP on oligo-dT may be due to the fact that we were unable to completely eliminate
the DNA from the cell culture during protein purification.

We verified that the observed ATP hydrolysis is due to the action of the Casl 3 MBP protein
by detecting the presence of protein impurities that could in any way affect the result obtained.

For this purpose, the method of high-resolution mass spectrometry was used (see, for example,
[17]), which made it possible to verify that proteins released together with Casl 3 MBP (Fig. 5)
cannot make a significant contribution to the measured values of the ATP hydrolysis rate.

250 kDa - <— Cas1_3_MBF
130 kDa 4= DnaK + MBP
# <4 DnaK + MBP
100 kDa
. 4= DnaK + MBP
70 kDa “
< DnaK + MBP
<4— MBP
A
102
<4 MBP
35 kDa <4 MBP

Fig. 5. Result of electrophoretic analysis of the sample obtained by purification of Casl 3 MBP
protein using affinity chromatography.
The red arrows indicate samples of protein impurities analyzed by mass spectrometry

Conclusion

We determined the conditions for obtaining a recombinant version of the Casl 3 protein of
the aCasl 3 Asgard archaea system, not characterized in any previous studies. This system most
likely performs the functions of a transposon and is a potential evolutionary ancestor to CRISPR-
Cas systems.

Our initial results demonstrate the ability of the Casl_3 protein to hydrolyze ATP in vitro. The
detection of ATPase activity allows to assess the possible role of ATP hydrolysis in the life cycle
of the transposon as a mobile genetic element and ancestor of CRISPR-Cas systems.

New variants of the Casl_3 protein should be created to further explain the mechanism of the
detected ATPase activity, with mutated motifs potentially responsible for this activity.
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AnHotamusa. B cTaThe TmpemioxkeHa pa3paboTaHHasi HEHPOHHAsI CETh, ITO3BOJISIONIAS
MOJy4aTh Pe3yJbTaThl TMOJYUHKITIO3UBHOTO TJYOOKOHEYNPYTrOro paccessHUsl 3apsiKEHHBIX
JITITOHOB Ha ITOJISIPU30BAaHHBIX MIPOTOHAX C POXICHUEM ITMOHOB WJIM CTpaHHBIX K-Me30HOB.
PaccMoTpeHBl cOCTOSIHUSI TIOJSIpM3alliM TIPOTOHa (MOoIlepeyHass W MpomoJibHas). BriOpaH
JMana3oH HayaJlbHbIX dHepruil crankupawmoiiuxca yactui 20 — 100 I'sB B cucreme ueHTpa
Macc, XapaKTepHBIN U 3JIGKTPOH-MOHHBIX KOJIJIAIEpPOB, IPOEKTUPYEMBIX B HACTOsIIee
Bpemsi. [TokazaHo, 9TO ¢ TTOMOIIBIO TIPEIJIOXKEHHOMN pa3pabOTKM MOXHO C BBICOKOI TOUHOCTBIO
TpeacKa3biBaTh (U3MUYECKUE XapaKTEePUCTUMKUM KOHEYHOTrO JIENITOHAa M aJpoHa, a Takxke
pa3IM4Hble BApUAHTHI MMOJISIPU3ALUKA IPOTOHA.
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Introduction

Deep inelastic scattering (DIS) of charged leptons by protons is one of the processes allowing
to gain insight into the internal structure of the proton [1].

It is well-known that a large number of different particles are generated in the DIS process.

Experimental research and theoretical approaches to description of such processes are usually
complex and require very sophisticated detector systems, involving various phenomenological
models for the analysis of experimental results, related, for example, to hadronization [2]. For
this reason, exclusive DIS studies have not yet been conducted.

However, as a rule, inclusive (with detection of only the scattered lepton) and semi-inclusive
(with detection of the scattered lepton and one of the hadrons produced) DIS is considered.

Study of semi-exclusive DIS of leptons by protons becomes much more complicated if the
lepton interacts with a polarized (longitudinally or transversely) proton [3].

At the same time, experiments with polarized particles are significantly more informative and
allow to come close to solving problems related to the origins of proton spin.

Taking into account the polarization of the proton in the initial state of semi-inclusive GNR
allows to measure various spin asymmetries that arise in the final state (after the process of semi-
inclusive DIS) [3].

Transverse single-spin asymmetries occur during transverse polarization of the proton,;
these can be described within the framework of the Sivers [4] and Collins effects [3]. The
Sivers asymmetry A, can be used to generate the Sievers parton distribution functions,

© Jlobanos A. A., bepnuukos . A., Myssies E. B., 2024. WUznatens: Cankr-IletepOyprckuii moJmuTeXHUUECKU YHUBEPCUTET
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describing the correlations between the transverse momenta of quarks and the nucleon spin. The
Collins asymmetries A, help measure the transverse functions of the parton distribution together
with the Collins fragmentation functions [3]. All these functions are of great importance for
describing the internal structure of the nucleon [3].

In the case of longitudinal polarization of the proton, a longitudinal single-spin asymmetry
A, occurs. Its values allow to generate the 7-odd correlation functions (parton distributions and
fragmentation functions), which arise due to the exchange between quarks and longitudinally
polarized gluons [5]. It was established relatively recently that non-zero 7-odd parton
distributions are compatible with the invariance of the strong interaction with respect to time
reversal [5].

Large amounts of data obtained in each experiment are required to investigate any of the
above-mentioned asymmetries and the associated mechanisms of their formation, which are
determined by the parton distribution functions and fragmentation functions. In addition, it is
necessary to carry out experimental studies with a large set of initial energies (reference points).
Analysis of results of such experiments makes it possible to gain information about the parton
distribution functions and fragmentation functions [6].

Due to limited experimental capabilities (particularly financial resources), it is impossible to
obtain a sufficient number of reference points that can be used to approximate the distribution
functions. As a result, it is necessary to develop programs that can interpolate or extrapolate
experimental data by the selected parameters. The increase in data volumes (due to interpolation
and extrapolation) should have a positive effect on the accuracy of the obtained distribution

functions.
é
‘Il; 94=
o
’Y:V:
Fig. 1. Simplified scheme of hadronization process:
O is the interaction point; Q,, Q,, ..., @, are the string breaking points;
H, H,, ..., H, are the emission points of hadrons 4, h,, ..., h, ; q,, q, are the interacting quark 4 and the remnant B,

respectively; y* is the virtual photon; arrows indicate the directions of motion of ¢, and ¢,

Machine learning methods and, in particular, generative adversarial networks (GANs) can be
used to solve problems related handling big data [7].

GAN:s allow to develop algorithms and write computer programs (called event generators) that
can quickly obtain the necessary values from the original dataset, without specialized simulation
of the interaction of particles and the detector. We should also note that such programs allow
to avoid using large amounts of disk space, since they preserve the target distributions as small
subsets of parameters [9].

Methodology

As noted in the introduction, the current state of experimental technology, the financial
capabilities of the global scientific community and the presence of a large number of competing
physical problems do not allow to experimentally obtain a sufficient number of data points that
could be used for machine learning.

Due to this circumstance (lack of sufficient experimental data), the reference points were
obtained in our study via modeling semi-inclusive deep-inelastic scattering of leptons by a
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polarized proton. The simulation was carried out using the PYTHIAS program based on the
Monte Carlo generator [10], expanded by the StringSpinner software package [11]. The latter
includes the string+°P; model [12], based on the Lund model [2], making it possible to account
for the fragmentation of polarized quarks during hadronization.

The Lund model of hadronization can be illustrated by a simplified scheme (Fig. 1) [12].

>

Fig. 2. Kinematics of semi-inclusive deep inelastic scattering [13];
planes of hadrons and leptons are shown
(see the notations used in the text)

We assume that the proton interacting with the charged lepton consists of a quark 4 and a
remnant B (g, and g, , respectively, in Fig. 1) [12].

The virtual photon y* emitted by the charged lepton is absorbed by one of the quarks of the
unpolarized proton (for example, the quark g, in Fig. 1). The photon y* transfers its momentum to
quark A, so that the separation of quark A and proton remnant B consequently begins. According
to the Lund model, a relativistic string is stretched between objects A and B as a result of color
interaction whose energy increases throughout the separation. The increase in tension continues
until a quark-antiquark pair gq can be produced. The string then breaks with the production of a
qq pair at the breaking points Q,, Q,, ..., Q ., [12]. This process can occur repeatedly, as long as
the law of energy-momentum conservation allows it. In some cases, quarks and antiquarks can
form a bound state, producing mesons [2]. This leads to semi-exclusive deep-inelastic scattering
of charged leptons by unpolarized protons.

As noted above, the PYTHIAS8+StringSpinner software package should be used for semi-
exclusive deep-elastic scattering of a charged lepton by a polarized proton.

Using PYTHIAS8+StringSpinner made it possible to simulate semi—inclusive deep inelastic
lepton scattering by a polarized proton in the initial energy range V. S,y = 20—100 GeV. The values
of 20, 40, 60, 80 and 100 GeV were considered as reference initial energies.

100,000 events were generated for the considered charged leptons (e*, e, u*, u~) and hadrons
(n°, n+, -, K*, K at reference initial energies and at various polarizations of the proton
(longitudinal, transverse, and without polarization). The four-momenta of the finite lepton p, and
hadron p, were obtained from each event. These are referred to as real data. Using real data allows
to obtain the Sivers and Collins asymmetries Ay, and A_ , for transversely polarized proton and the
asymmetry A , for longitudinally polarized proton.

The multiplicity distribution N, for Collins asymmetry A_ , is proportional to the binomial in
the case of transversely polarized proton [14]:

dN,
dededeh doc,

o 14+ Dy S Acy SIN Py, (1
where D, is the depolarization factor, D,, = 2(1-y)/[1+(1-y)*].
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The quantity @, in Eq. (1) is defined as
(PCOI = (ph + (PS + T,

where @, is the azimuthal angle between the transverse component of the spin vector S and the
lepton scattering plane; ¢, is the azimuthal angle between the hadron emission plane and the
lepton scattering plane (Fig. 2).

The hadron multiplicity distribution N, for the Sivers asymmetry A, is defined as [14]:

dN,
dededehd Dsiy

oc 1_'_STASiV sin (pSiv’ (2)

where @, = 9, ~ g | | |

S, in expressions (1), (2) is the nucleon spin vector perpendicular to both the virtual photon
and the emitted hadron.

The values of asymmetry A, for longitudinallu polarized proton can be obtained from the

hadron multiplicity distribution N,, which is defined as [14]:
dN,

—— " «1+(1-y)4,sin20,. (3)
dej d=dp, do, (1-»)4, ?,
The following quantities were used in expressions (1)—(3):
2
Xj = 2% is the Bjerken variable [13] describing the fraction of the proton momentum carried
q

by the parton (P is the four-momentum of the proton, ¢ is the four-momentum of the virtual
photon, @» = —¢* );

P- . . .
z LI 4 is the fraction of the four-momentum of the virtual photon transferred to the

P-q
emitted hadron [13] (p, is the four-momentum of the hadron produced);

Py, is the projection of the hadron momentum, perpendicular to the virtual photon;

P-g

P-pl'

is the fraction of the energy of the incident lepton transferred to the virtual photon

y

[13] (p', is the four-momentum of the lepton before interaction).

The described method for calculating asymmetries was successfully tested by comparing it with
experimental data obtained in the HERMES and COMPASS experiments [12, 13], yielding good
agreement of the predictions with the experimental results. This success gives us reason to select
and use a technique for calculating semi-inclusive scattering of leptons by a polarized proton. The
range of initial energies typical for future electron-ion colliders is taken [16].

As noted above, specific calculations can be performed using the PYTHIA8+StringSpinner
software package.

More details can be found in [17] (see the section “Methodology”), where PYTHIAS is
combined with a generative adversarial network (GAN) to build a generator for semi-exclusive
deep-elastic scattering of charged leptons by polarized protons.

In this paper, the type of proton polarization was added as another input parameter of the
generator (in addition to those used in [17]). Furthermore, the number of hidden layers of the
GAN generator and discriminator was increased to 6

Results of neural network construction and discussion

Fig. 3 shows the values of the Collins asymmetry as a function of the Bjerken variable x,,
for the hadrons = and n* with the electron ¢~ and muon p~ scattered by transversely polarized
protons at an initial energy of 40 GeV. Evidently, the asymmetries obtained based on GAN
predictions coincide within the uncertainty range with the predictions obtained based on
PYTHIA8+StringSpinner data.
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Fig. 3. Dependences of Collins asymmetry ACol on the Bjerken variable x,,
for scattering of electrons e~ (a, b) and muons U~ (¢, d) by transversely polarized protons
with the production of negative (n7) (a, ¢) and positive (x*) (b, d) pions.
The initial energy of the particles is 40 GeV.
The data were obtained using GAN (gray dots) and PYTHIA8+StringSpinner (black triangles)

Fig. 4 shows the values of the Sivers asymmetry as a function of the Bjerken variable X for
kaons K~ and pions ©’ under scattering of positrons e* and antimuon " by transversely polarized
protons at an interpolated initial energy of 70 GeV; the results were obtained based on GAN
and PYTHIA8+StringSpinner. It follows from the data presented in Fig. 4 that the GAN-based
generator retains the prediction accuracy with a different scattering configuration for Sivers
asymmetries, including at energies that were not involved in the learning process.

g‘(sﬁav erpl = e" KX a) || ep’ — etn®X b)
wligiptd o HTgrT i1
L 1
00517 pyr
GAN
~0.10
oo ] wtp! o WTKX o || wph = pha’X d)
T = I
0.00 1= S | |1 I I - -
* ) 1 i """" e 474 $
1 = 1
~0.05 -
—0.10 4+ : . .
10 10~ Tpj 1072 10-! Tg;

Fig. 4. Dependences of Sivers asymmetry A, on the Bjerken variable x,,
for scattering of positrons e* (a, b) and antimuons p* (¢, d) by transversely polarized protons
with the production of negative kaons K~ (a, ¢) and neutral pions n° (b, d).
The data were obtained using GAN (gray dots) and PYTHIA8+StringSpinner (black triangles)
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Fig. 5 shows the values of asymmetries A , depending on the values of the Bjerken variable x,, for
kaons K* and pions n~ under scattering of electrons e~ and antimuons p* by transversely polarized
protons at an initial energy of 120 GeV, obtained based on GAN and PYTHIAS8+StringSpinner.
The analysis of these data shows that the GAN model can work with longitudinally polarized protons
as well as at energies exceeding the energy range considered during training (extrapolated values).

g‘(sﬁav etpt = et KX a) || erpt — etn’X b)
0.00 ii ————— 1 ii ----- I — 1) T i 111 I {
L 1
0059 T pyr
GAN
~0.10
o] Wt - RX o) || nph = pta"X d)
I+ T
0.004E = SN, M. o sl NPy I I - -
&= ) 1 i """" e 474 $
X = 1
~0.05
~0.10 = , . |
102 10—t Tpj 1072 10-1 v,

Fig. 5. Dependences of asymmetry A , on the Bjerken variable x,,
for scattering of electrons e~ (a, b) and antimuons p* (¢, d) by longitudinally polarized protons
with the production of positive kaons K* (a, ¢) and negative pions n~ (b, d).
The initial energy is 120 GeV.
The data were obtained using GAN (gray dots) and PYTHIA8+StringSpinner (black triangles)

Conclusion

In the presented study, a software package (event generator) was developed based on a
generative-adversarial network model in order to predict the characteristics of the final state of a
Iepton and an additional hadron as a result of semi-exclusive deep-elastic scattering of a lepton
on a polarized proton.

It is established that the constructed event generator can work accurately with various scattering
configurations: incident leptons (e*, e-, u*, u7), hadrons (n, n*, ©~, K*, K*), proton polarization
states (longitudinal, transverse, without polarization) and initial energies (we considered the range
of 20—100 GeV). Moreover, the generator works with the initial energies on which it was pre-
trained (20, 40, 60, 80, 100 GeV), with the interpolated energies (between the reference values)
and extrapolated ones (values above the considered range).

Studies indicate that the event generator can accurately (accounting for errors) predict various
types of asymmetry (4., 4, 4,) that occur in the presence of proton polarization. The prediction
accuracy is preserved for various scattering configurations.
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Abstract. This paper presents the results of the experimental study of a fiber laser con-
nected according to the MOPA scheme, where a power amplifier was made of an ytterbium
double-clad tapered spun fiber with low intrinsic birefringence. A peak output power of 160
kW with the average power of 160 W has been achieved at 1040 nm wavelength, 50 ps pulse
duration and its repetition frequency of 20 MHz; the laser beam quality parameter and the
mode-spot diameter being 1.15 and 35 um, respectively. The values of azimuth, ellipticity and
degree of polarization of the output radiation were found; their little sensitivity to the pump
power was demonstrated. This research was the next important step in the development of
high-power picosecond fiber lasers technology.
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Annoranuga. B pabote mipmBemeHBI pe3yiabTaThl 3KCIIEPUMEHTAIBHOTO WCCICIOBAHUS
BOJIOKOHHOTO Jla3epa, TOCTPOSHHOTO IT0 CXeMe 3aJaf0Iero TeHepaTopa M YCHIJINTEIS MOIITHOCTH,
M3TOTOBJIEHHOTO M3 WTTEPOMEBOTO KOHUYECKOTO SPUN-BOJIOKHA C JBOMHOI 0O0O0JIO0YKON U
MaJjioil BEJIMYMHOIN COOCTBEeHHOro aByiaydenpesnomiaeHus. Ha gnune Bonanbl 1040 HM mipu
JUIMTENIbHOCTU uUMMyJabcoB 50 1mc M yacrore noBtopeHusi 20 MI'L mocTurHyra mnukoBas
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BbIXOIHag MoLIHOCTh 160 kBT ripu cpenneit momHoctu 160 Br. [Tapamerp kauyecTBa Jia3epHOro
nmyyka M? = 1,15, nuameTp MomoBoro msaTHa — 35 MKM. OmnpejaeneHbl 3HAYEHUS a3uMyTa,
SJJIUAOTUYHOCTUA U CTEIIEHM MOJISIpPU3alMU BbIXOJIHOIO M3JIyYEHMSI U MPOAEMOHCTPUPOBaHA UX
ciabast 3aBUCHMOCTb OT MOIIIHOCTU Hakauyku. [IpoBeneHHOe MCCIeIOBaHUE CTAJIO CAEAYIOLIUM
BaXHBIM IIIaTOM B Pa3BUTHUM TEXHOJOTUM MOIIHBIX MMKOCEKYHIHBIX BOJIOKOHHBIX JIa3€pPOB.

KmoueBbie ciaoBa: uTTepOMEBOEe KOHUYECKOE BOJOKHO, MUKOCEKYHAHBIN BOJOKOHHBIM
Jla3ep, aKTUBHOE SpUn-BOJIOKHO, COOCTBEHHOE IBYJIyYEIIPEIOMIICHUE

®uHancupoBanue: VccienoBaHue BBITOJTHEHO MpK (PUHAHCOBOM Moaaepxke Poccuitckoro
HayuyHoro donaa (rpant [ 22-19-00513 (https://rscf.ru/project/22-19-00513/)).

Ccpuika g nurapoanns: Kosmos A. C., MeaseneB A. B., MotopuH E. A., CasenbeB E. A.,
Temxkuna B. C., @uwimunmno B. H. IMukoceKyHIHBINI MMITYyJbCHBIN BOJIOKOHHBIN Jiazep Ha
OCHOBE KOHMYECKOTO UTTEPOUEBOTO BOJIOKHA C HU3KUM COOCTBEHHBIM ABYIYYETIPETOMICHUEM
// Hayuno-texnuueckue Begomoctu CIIGITIY. dusuko-maremarnueckue Hayku. 2024. T. 17.
No 1. C. 103—113. DOI: https://doi.org/10.18721/JPM.17111

CraTbsl OTKPHITOTO AOCTyma, pactpoctpanseMas mo jmneHsnu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The technology of high-power picosecond fiber lasers has been developing rapidly over the past
decade [1]. They are widely used in materials processing, medicine and lithography. Such lasers
are typically made by the Master Oscillator Power Amplifier scheme (MOPA). Such a scheme
includes a master oscillator generating low-power laser pulses with good spatiotemporal coherence,
and a chain of optical power amplifiers increasing the pulse energy to the required level.

The main problem limiting the peak output power of such a system is the occurrence of
undesirable nonlinear effects in the active fiber of the last amplifier stage. To overcome the
limitations imposed by these effects, active optical fibers of special types are used. These include,
for example, fibers with large mode area (LMA), low aperture and large spot size (up to 14 um [2]),
microstructured fibers [3], 3C fibers (chirally-coupled-core) [4], anisotropic tapered fibers with
large mode area [5]. A characteristic of a high-power fiber laser, which is important for coherent
combination or nonlinear wavelength conversion, is stable output polarization.

The most common technical solution available for overcoming these limitations are fibers
with large intrinsic anisotropy [6]. However, while this approach is successful for passive fibers, a
number of negative phenomena begin to arise in the case of active fibers. When exciting radiation
is pumped into the cladding, part of it is absorbed and heats the fiber (the so-called quantum
defect), leading to a change in internal stresses in the fiber and unpredictable distortions of its
birefringence [7, 8]. As a result, the polarization state of laser radiation changes.

To solve this problem, it was proposed to use active fiber with small intrinsic birefringence [9],
namely, a spun fiber, for which this parameter is usually about 10~® rad/m.

The first picosecond lasers with an average output power of up to 70 W and mode field
diameter of 26 um, built according by the MOPE scheme, were experimentally studied in [9—12],
using spun fiber as the last amplifier. Using spun fiber with spin pitch from 7.5 to 30 mm made
it possible to obtain the output polarization that was an order of magnitude more stable than in
the case of active optical fibers with large intrinsic anisotropy.

Furthermore, it was found in [10, 11] that the state of polarization of light at the output
of active tapered fiber with strong anisotropy significantly depends on the power of the pump
radiation injected into the cladding. The authors of these papers observed a significant drift in
the polarization state of radiation at the output of an amplifier with a PANDA-type tapered fiber
(a customized polarization-maintaining fiber). The ellipticity and azimuth of the fiber changed
by tens of degrees even at the input pump power of 20 W. At the same time, high stability of
output polarization was demonstrated in [11] for an amplifier with spun fiber with low intrinsic
birefringence at the same input pump power of 20 W, without any measures to stabilize the
temperature of the fiber.

© Kosnos A. C., MeaseneB A. B., Moropun E. A., CasenbeB E. A., Temkuna B. C., ®ununnos B. H., 2024. U3natenn:
Cankr-IleTepOyprckuii moautexunyeckuii yauepcutet [letpa Benukoro.
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Our study is aimed at further developing the technology of high-power picosecond fiber lasers
using active tapered fiber with small intrinsic birefringence as the last amplifier stage. The article
is aimed at increasing the peak and average radiation power in this type of laser, also considering
its polarization characteristics and their dependence on the power of the injected pump radiation
and its operating time.

Spun tapered double-clad fiber (sT-DCF)

We used sT-DCEF fibers in the experiments, manufactured at the Fryazino Branch of the
Kotelnikov Institute of Radioengineering and Electronics of the Russian Academy of Sciences
(Fryazino, Moscow Oblast, Russia) [9]. The optical fibers were drawn from a preform doped with
ytterbium ions Yb3*, which had a step-index core, using a technology similar to that used for spun
passive [13] and active tapered [9—13] fibers. During the extraction process, the workpiece was
fed into a high-temperature furnace at a speed variable in time according to a given law, which
was necessary to form an optimal longitudinal profile [14]. The profile of the fiber prepared is
shown in Fig. 1. The angular rotation velocity of the preform was also varied during fiber drawing
in the range of 200—300 rpm.

The ratio of the diameters of the core, the first and the second claddings was 1.0:12.7:15.9, and
the numerical apertures of the shells were 0.13 and 0.27, respectively. The in-core absorption was
850 dB/m at a wavelength of 976 nm. Two segments were cut off from the first cladding, which
made it possible to reduce the proportion of helical modes that do not pass through the core of
the fiber. A photograph of the wide end of the fiber is also shown in Fig. 1. Note that this is a
standard method for increasing pump absorption in active fibers [15].
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Outer diameter, p
w D (6]
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0 1 2 3 4 5 6 7 8
Distance from the narrow end, m

Fig. 1. Profile of fiber considered. Graph of variation in diameter of second cladding along the length
of ST-DCEF fiber is given.
Inset: photograph of wide end of the fiber

Thus, the diameter of the outer glass cladding changed smoothly from 85 to 800 um, and the
diameter of the core from 5.3 to 50.3 um, so that only the fundamental mode was excited in the
narrow end of the tapered fiber. The total length of the fiber was 7.5 m, the spin pitch was 30
mm. A reflective coating with a low refractive index (numerical aperture of 0.53) was applied to
the outer surface of the fiber, with a protective acrylate coating then applied over it.

The value of intrinsic birefringence (the difference in the propagation constants of eigenmodes)
for this sT-DCEF fiber was

1.45-107% rad/m; the latter was determined experimentally by the Jones method [11, 16—18].

Experimental setup

A prototype of a fiber laser was assembled by the MOPA scheme, using the prepared optical
fibers as the gain medium of the last amplifier stage (Fig. 2).
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Fig. 2. Layout of fiber laser prototype for studying the parameters
of its radiation

A commercially available laser diode with a fiber output (GS-diode) was used as the master
source, emitting linearly polarized light with a wavelength of 1040 nm; the repetition rate of 50 ps
pulses was equal to 20 MHz. Radiation with a power of about 1 MW was pre-amplified to an

average power of about 100 MW while maintaining a spectral linewidth of 50 pm (Fig. 3), after
which it was injected into the core of the narrow end of the active sT-DCF.

-20

-40 4

-60

Normalized spectral density, dBm/nm

1]

T T T T T T
1036 1037 1038 1039 1040 1041 1042 1043 1044
Wavelength, nm

Fig. 3. Spectral density of master laser emission

The active fiber was pumped using a system of two laser diodes emitting at a wavelength of
976 nm and combined by means of a fused fiber-optic coupler. Pump radiation was injected into
the cladding of the wide end of the fiber using a dichroic mirror and an aspherical lens. The entire
active fiber was located on a special cooled plate so as to reduce the temperature gradient inside
the gain medium and avoid thermal damage to the fiber.

The output power, radiation spectrum, beam quality and polarization characteristics of
radiation (degree of polarization, ellipticity and azimuth) were constantly monitored during the
laser's operation. The Ophir L1500W-SH power meter (Ophir Optronics, Israel), Ando optical
spectrum analyzer (AAATesters, USA), Thorlabs M2MS-BC106VIS/M beam analyzer and
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Thorlabs PAX1000IR2/M polarimeter (Thorlabs, USA) were used. If it was necessary to measure
the divergence of the output beam, the focusing lens in front of the entrance slit of the beam
analyzer was removed. The maximum range of displacements of the linear translation stage
located inside the analyzer was 100 mm.

Experimental results

The gain parameters of MOPA. Fig. 4 shows the dependence of the output power of the fiber
laser on the pump power injected into the wide end of the active spun fiber. The efficiency of the
pump radiation conversion of the amplifier we manufactured reached 63%. The average output
power in pulse mode (duration of 50 ps, repetition rate of 20 MHz) was 160 W for an input pump
power of 270 W, the peak output power was 160 kW.

The average power was limited solely by the available pump power. The conversion efficiency
did not decrease with increasing pump power.

160

B Experimental data

1409 linear approximation

120

o

o

o
1

Output power, W
(o]
o

Slope Efficiency = 63%

T T T T
0 50 100 150 200 250
Launched pump power, W

Fig. 4. Experimental dependence of average output power of amplifier (fiber laser) (symbols)
on pump power and its linear approximation (solid red line)

The mode field diameter (MFD) was determined by measuring the divergence of the output
beam, using the following ratio for the diffraction-limited divergence [19]:

MFD = 4L/ @, (1)

where A is the wavelength, ® is the divergence of the beam.

The measured MFD for the used tapered spun fiber was 35 pm.

The laser radiation spectra obtained at different amplified signal powers are shown in Fig. 5.
As follows from the experimental results, the contribution made by radiation outside the spectral
range of the master laser increases with an increase in the output signal power. It is caused by
self-phase modulation and four-wave mixing.

We studied the shape of the caustics, as well as its cross sections in the near and far fields
(Fig. 6). The above results, as well as the high beam quality (M? < 1.3) (Fig. 7) indicate the
predominance of the fundamental mode inside the active tapered fiber.
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Fig. 5. Laser emission spectra at different values of average output power of amplified signal
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Insets: photographs of the far and near fields

Polarization state of output radiation. The polarization states of laser radiation at different
output power levels are shown on the Poincarii sphere (Fig. 8). Similar analysis was carried out
in [10, 11] but for small values (25 W) of the pump power injected into cladding shell of active
tapered spun fiber. Pump radiation with a power of up to 270 W was injected in this study,
causing changes in the polarization state with an increase in output radiation power.

To study the long-term stability of the polarization state at the output of the amplifier with
spun fiber, we conducted a two-hour test at constant output power of 125 W (Fig. 9).

The standard deviation for azimuth, ellipticity and degree of polarization was approximately
0.4°, 0.5° and 1.5%, respectively. This result indicates a high temporal stability of the polarization
state of the amplifier considered. The smooth change in the dependences, only amounting to a few
degrees, is caused by the instability of water temperature cooling the fiber during the experiment.
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Fig. 9. Results of two-hour test for polarization characteristics of output radiation
of amplifier with active tapered spun fiber.
Drifts are shown for azimuth (upper graph), ellipticity (central graph)
and degree of polarization (lower graph).
Signal power during the experiment was 125 W

Discussion and conclusions

We considered double-clad active tapered ytterbium-doped spun fiber with low intrinsic
birefringence (1.45-107% rad/m) with large mode field diameter (35 pum). The longitudinal change
in the core diameter is an effective measure for suppressing stimulated Mandelstam—DBrillouin
scattering [20]. The large spot size makes it possible to increase the threshold for Raman scattering.
Thanks to the appropriately selected geometry of the fiber, namely, the variable diameter along
its length and large diameter of the core at the wide end, using an active tapered fiber in a power
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amplifier allowed to significantly increase the threshold for the appearance of nonlinear effects
and achieve simultaneously high values of both average and peak output power. The low intrinsic
birefringence of the tapered spun fiber ensured high stability of the output state of polarization
with varying pump power.

As a result of the conducted study, we presented a fiber laser based on active tapered spun
fiber, designed by the MOPA scheme, generating radiation with a peak power of 160 kW at a
wavelength of 1040 nm, an average output power of 160 W in pulsed mode and an output beam
quality of M2 = 1.15. The linewidth at the level of —3 dB was about 0.2 nm with an average output
power of 100 W with an optical pulse duration of 50 ps and a pulse repetition rate of 20 MHz.

It is important to note that one of the significant results of this study, compared with those
published earlier (see, for example, [9—12]), is that stable polarization of output radiation was
achieved for a powerful (160 W) amplifier with active fiber. Moreover, the dependence of output
polarization state on the injected pump power was obtained at pump power values significantly
higher than in [9—12], up to 270 W. In addition, the dependences of fiber parameters such as
azimuth and ellipticity on the injected pump power were experimentally recorded.

The conducted study takes the next important step in the development of high-power
picosecond fiber laser technology.
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Annoramusa. Peanuszanuss MOOAdbHOTO  yMNPABACHUSI  pacCIpefeIeHHbIMU  YIIPYTUMU
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C TIOMOIIIBIO TTbEe303JIEKTPUIYSCKNX CEHCOPOB U aKTYaTOPOB TECTUPYIOTCSI pa3HbIe KOMOMHALINU
Ha3BaHHBIX METOIOB M pa3Hbie BapMaHThl HOPMMpPOBaHUS. PaccMOTpeHO yIpaBieHUE Kak ¢
HabaogaTe s IMM, Tak U 0€3 HUX — Ha OCHOBE MOJAJIbHBIX U YaCTOTHBIX (pusibTpoB. [TokazaHo,
YTO HAWUJYYIIUIA pe3yJbTaT YIpaBieHUs TOCTUrAaeTCs TP KOMOMHUPOBAHHOM MCITOJb30BaHUN
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Introduction

In recent decades, modal control has become a widespread approach to active control of
distributed systems, including elastic ones [1—3]. Its basic principle is separate control of different
vibration modes of an object, assumed to be independent from each other. The efficiency of this
method depends on how accurately it is possible to separate different modes of the object in the
control system (CS). In control with feedback, this problem involves both accurate measurement
of activation of individual modes that are controlled, and specific control actions applied to these
modes.

Arrays of discrete sensors and actuators are commonly used in modal control of elastic
objects. Each actuator commonly affects several modes at once, and, similarly, each sensor also
reacts to several vibrational modes of the object. In this case, information about different modes
in the control system is separated using modal matrices (or modal filters), setting the linear
transformations of vectors of measured and control signals.

The modal approach to control can be implemented both based on modal and frequency
filters [4—7], and based on observers [§—11]. In the second case, the control system turns out to
be more complex, since it uses a known object model to determine the state vector of an elastic
object, allowing to determine the required values more accurately.

The efficiency of these two modal approaches to damping forced vibrations in a thin metal
beam was compared in our earlier paper [12]. It was established that control with observers is
more efficient than control based on modal and frequency filters. Both approaches considered
rely on modal matrices to separate the vibrational modes of the object in the control system.

The standard technique for calculating modal matrices consists in calculating the inverse
influence matrices [5, 13] (or pseudo-inverse in the more general case [14, 15]). These matrices
show the proportions in which each sensor and actuator measures or excites various modes of the
object.

Thus, ideally, inversion of the influence matrices allows to obtain a system where each control
loop works only with its specific eigenmode and the loops do not interfere with each other's
operation. This method for calculating modal matrices was also invariably used in our earlier
studies [12, 13, 16—18].

However, the given method cannot be considered a universal solution to the problem of modal
separations.

Firstly, higher forms are always present, inevitably excited by the control system, since the
number of modes of a distributed elastic object is infinite, while the number of controlled modes
is finite. The phenomenon where energy flows to higher modes is called the spillover effect. It
limits the efficiency of modal control and can lead to instability of a closed system.

Secondly, the number of sensors and actuators in the control system is also limited. If control
is intended to be exercised over the number of modes exceeding the number of sensors and
actuators, it is usually impossible to completely separate these modes in the control system.

© ®enotoB A. B., 2024. Uznarens: Cankr-IletepOyprekuit monurexHuuyeckuii yuuepcuret [lerpa Benukoro.
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In any case, ideal selection of the necessary modes during control is possible only in the rather
rare situation when distributed modal sensors and actuators are used [6] (so there is no need for
modal matrices); in the more common case when discrete control arrays are used, there is no
universal solution to this problem, so alternative approaches should be found.

One such alternative technique for calculating modal matrices was proposed by us in [12]. It
consists in transposing these matrices instead of inverting the weight coefficient matrices. They
are also multiplied by additional diagonal matrices that normalize the degree of excitation and
measurements of individual modes.

Instead of separating different modes to be controlled, the algorithm is primarily intended for
achieving the most efficient actuation on each mode, approximating it in accordance with the
influence coefficients for this particular mode.

Firstly, the proposed method is computationally simpler than the standard one, since it does
not require inversion of matrices but only their transposition and multiplication by a diagonal
matrix. Secondly, if the number of controlled modes changes, modal matrices do not need to be
completely recalculated: it is sufficient to either add necessary columns to them or remove rows
from them.

The goal of this study is to analyze the efficiency of various methods for calculating modal
matrices in modal control of elastic systems.

A problem similar to the ones we discussed earlier in [12, 13, 16—18] is solved numerically
for this purpose: damping of forced bending vibrations in a thin metal beam using piezoelectric
sensors and actuators. Optimal control laws are synthesized for each calculation method, and the
results of vibration damping for all obtained matrices are compared with each other.

Theoretical foundations of the considered control methods

Modal control is widely used to control the vibrations of elastic systems in various spheres of
technology. In this paper, two of the most common approaches to modal control are investigated:
a simpler one based on modal and frequency filters, and a more complex one based on observers.

This section provides a brief theoretical description of the methods under consideration (they
are described in more detail in [12]), additionally substantiating various techniques for calculating
modal matrices: both standard and alternative (proposed by the author of this paper).

Method of modal and frequency filters. Consider the problem of damping forced bending
vibrations in a Bernoulli—Euler beam using piezoelectric sensors and actuators. Let us write the
vibration equation for an elastic object in matrix form as an eigenmode expansion, assuming that
vibrations in different modes occur independently:

G+2EQ¢+Q%q =0+ 0", (1)

where ¢, (t) is the vector of generalized coordinates, its length n corresponds to the number
of the object’'s modes taken into account in the model; Q is the diagonal matrix of natural
frequencies of the vibrating beam; & is the scalar damping coefficient (for simplicity, we assume it
to be the same for all modes); O %t) , 0%, (t) are the vectors of generalized forces corresponding
to control and external perturbation, respectively.

Let the number of sensors and actuators be the same and equal to m (m < n). Their operation
is described by the following equations:

e ¢ _Qa
ymxl - ®mannxl H anl - ®n><mum><l ’ (2)

where y, (t) is the vector of sensor signals; u,, , (t) is the vector of control signals applied to
the actuators; @7, ©®? — are the influence matrices for sensors and for actuators, respectively.

If distributed modal sensors and actuators are used [6], the modes of the object are already
separated in the control system: each sensor reacts, and each actuator affects only one specific mode.
However, such sensors and actuators are used in exceptional cases; they are often inconvenient
and too expensive, especially if several modes of the object are to be controlled simultaneously.
For this reason, below we consider the case of discrete sensors and actuators.

We assume that control is carried out for k lower modes (k < n), therefore, the control system

includes k£ loops. Modal matrices 7 and F (mode analyzer and synthesizer) carry out linear
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transformations of measured and control signals in the CS. These transformations ensure that
each control loop corresponds to a specific mode of the object:

ékxl = T;cxmymxl > umxl = mekaxl b (3)

where ¢, (t) is the estimate vector of k lower generalized coordinates, O, (t) is the vector of
required control actions on k lower eigenmodes.

The required action on the mode in each loop of the modal system depends on the estimate
of the respective generalized coordinate:

A

Qi :_Ri(s)éi’ “4)

where R, (s) is the control law in the ith circuit, written as a function of the complex variable s.
The control laws in the loops are also called frequency filters, set in such a way that the control
system exerts the action on the object required with respect to amplitude and phase, precisely near
the resonant frequency of the object corresponding to this loop.
Evidently, in the simplest case, when & = m = n, modal matrices should be calculated as
follows:
-1

T=(e") . F=(e")". (%)

In this case, system of equations (1) is expanded into » independent equations for each of its
eigenmodes:

g, +28Q4, +Qz‘2qi =-R (S)qi +Qid’ (6)

and efficient separate control of each eigenmode of the object can be carried out by selecting the
control laws R, (s)

However, the number of modes n to be taken into account in control of distributed systems
generally exceeds the number of sensors and actuators m as well as the number of modes k&
controlled; the numbers m and k are also not necessarily the same. In this case, the influence
matrices can be represented as follows:

O, = |:(:)fn><k (:Dfnx(n—k) } s O = {ézi;im } ) (7)

while the modal filters are defined as pseudo-inverse to the corresponding components of these
matrices:

T;:xm = ((:)jnxk) s mek = (@me) . (8)
The above method for calculating modal matrices can be considered the standard approach

[14, 15, 19]. Below we discuss an alternative we proposed in [12].
Observer method. To describe this method, we represent system (1), (2) in the state space:

q"=Aq"+Bu+Dd, )
y=Cq", (10)
where d is the vector of external influences; y, u are the vectors of the measured signals and

control actions; ¢” is the vector of the state of the system related as follows to the vector of
generalized coordinates from Eq. (1):

¢ =(¢ - 4 @& - 4) (11)
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matrices A, B and C can be expressed in terms of matrices describing the dynamics of the object
and the operation of sensors and actuators:

>

I I I IV B e (e, 0,.] 2
= > mxn mxn _|* 1

_szn _2E.>Qn><n ®Z><m ( )
Here O,,,, 0., and O, . are matrices consisting of zeros; 7, is the unit matrix.

We assume that observation and control are carried out for k£ lower modes of the object
(k < n). The observer's task is to estimate the state vector qk corresponding to these modes:

. . \T
¢ =(q - 9@ @ - 4) - (13)
The observer generates an estimate ¢,,,, of this vector using known matrices Ag,sz s Bélk)xm
and C! 22,{ describing the dynamics of k lower modes of the object (they can be obtained from
matrices A, B and C by removing unnecessary columns and rows):

g=A"4+B%+L(y-C"), (14)

where L, . is the observation matrix to be calculated.
The control action depends on the estimates of the state vector:

u=-Rq, (15)

where R, is the control matrix that also is to be calculated.
The principle of separate control of the object’s different modes dictates the following structure
for the observation matrix L and control matrix R:

K\
Ly, = {K"k}r R, =F, K& K, (16)

kxm >
kxk

where K", K, K®, K™ are diagonal matrices of size k x k; T, F are modal matrices that are
already known (mode analyzer and synthesizer).

Modal matrices can be calculated by the same technique as in the case of control without
observers.

Alternative technique for calculating modal matrices. The idea of the method presented below
was first proposed by the author of this study earlier in [12], however, theoretical substantiation
as well as the first results and study of the efficiency of the proposed method are presented for
the first time in this paper.

Thus, the central idea of the proposed method is to calculate modal matrices not by inversion,
but rather by transposition of influence matrices. An additional mathematical operation is also
performed, consisting of multiplying the resulting matrices by the diagonal matrices giving the
degree of excitation and response of the control system to the object's individual modes. The
proposed method is described by the following equations:

T,

kxm

= Mlixk (®S

mxk

) .F,

mxk — (®Z><m ) Ml?xk H (17)
where M, ,, M, , are the diagonal matrices to be determined.

Next, we consider different approaches to calculating these matrices.

The proposed method can be substantiated theoretically by expanding on the theory of modal
filters, described in one of the fundamental studies on this subject [19]. Let us apply this theory to
the problem of controlling the bending vibrations in a Bernoulli—Euler beam using piezoelectric
sensors and actuators.

Consider a beam of length / located along the x axis, making bending vibrations in the XZ
plane. Let us represent the transverse displacement of the points of the beam w(x,t) as an

expansion in terms of eigenmodes:
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n

w(x,t)=2 X, (x)q: (1), (18)
i=1
where all the notations introduced in the previous sections are preserved, and X i(x) are the
eigenmodes of the beam's bending vibrations.
We assume that the eigenmodes are normalized as follows:

J.(jpz(x)X,»(X)Xj(x)dx:Sw (19)

where p,(x ( ) is the linear density of the beam material, 8 is the Kronecker symbol.
The normalization condition for the second derlvatwe modes also holds true:

J.;EI(X)XI‘”(X)X}'(X)dx 0%.

[/

(20)

where EI (x) is the bending stiffness of the beam's cross sections.

The operation of sensors and actuators is described by Eq. (2). We consider them as rectangular
piezoelectric plates glued on both sides of the beam in sensor-actuator pairs.

In this case, the following relations hold true for the influence coefficients:

0, =k'0,,0, =k'0,, (21)

U’

0,=X, (xl.(z))—Xj'. (x,.(l))

X ()~ X (3, )
where k£°, k“ are the coefficients for sensors 8nd ?(ituators, respectively, depending on their
geometric parameters and material properties; x;’, x;”’, x, are the coordinates the left and right
ends as well as the center of the ith sensor—actuator pair, respectively; is the length of each
piezoelectric element.

These quantities are related as follows:

M, @
X = % 1 =xP - x0, (23)

Eq. (22) uses the assumption that the length of the sensors and actuators is small, allowing to
approximately replace the integral of the second derivative of the beam's eigenmodes along the
length of the piezoelectric element with the value of this function in the midsection. The influence
coefficients essentially turn out to be proportional to the curvature of individual eigenmodes in
the given cross sections. The reason for this is that longitudinal deformation of sensors and
actuators is associated precisely with bending deformation (i.e., curvature) of the corresponding
sections of the beam.

It is proposed in [19] to calculate the approximation of the transverse displacement function
v?/(x, t) of beam points in terms of estimates of this function in separate cross sections corresponding
to the location of sensors, v”v(xj,t):

v?/(x,t)zZT:IG(x,xj)ﬁ/(xj,t), (24)
where G(x,x ) are the interpolation functions given for each sensor.

The alternative technique for calculated the matrices, presented in this paper, assumes a
slightly modified definition for the function v?/(x,t) :

v?/(x,t)zz::]é(x,xj)yj (t) (25)
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A modification introduced here is that the actual signals w(x t) of the sensors are used instead
of the displacement estimate Y; ( in the points where the sensors are mounted. This substitution
is made because the sensors in the given problem measure not the transverse displacement of
the beam's cross sections, as is the case in [19], but the curvature of the beam in these cross
sections, therefore it is impossible to obtain an estimate of the displacement w x,t) from their
signals. Therefore the function G(x X; ) takes on a slightly different meaning than the function
Glx, x;) in the orrgrnal formula.

he ormula for determining the interpolation functions G(x X; ) plays the central role in
developing the proposed method.

We propose the following definition:

>

G(x,xj)z lei\ziin(x)Xl."(xj ) (26)

Thus, the interpolation function for each of the sensors is a combination of the beam's
eigenmodes, where the weight of each eigenmode is proportional to the curvature of this eigenmode
in the beam cross section corresponding to this sensor (i.e., in fact corresponding to the influence
coefficient ® -). In addition, the contribution of various modes is regulated by coefficients M y
Next, let us consider several approaches to determining them.

The following expression for the estimate of the ith generalized coordinate can be obtained
from the condition of orthogonality and normalization of eigenmodes (19):

3,(1)= ] p (x) X, (x) #(x.0) . 27)

Substituting expressions (25) and (26) here, and taking into account condition (19) and the
definition of the mode analyzer (3), we obtain the following expression for the components of
this matrix:

- M? M
= p( x)G dx=M;X](x)=—"0,=—"L0". (28)
7, = [1p, (x)X,(x)G (x.x,) ()=70, =1

P

Thus, we have obtained an expression for the matrix 7, which coincides with Eq. (17). In this
case, the coefficients are related as follows:

M =1 kM. (29)

Next, let us discuss how these normalizing coefficients are to be determined. To do this, recall
the standard definition of the matrix 7, that is, Eq. (5). It assumes that the diagonal of the matrix,
which is the product of the matrices 7 and ®°, is composed of units, i.e., the following equality
holds true:

211 i i :_M Z/ 1( ji) =1 (30)

This leads to the first method for normalization, consisting of fitting:

_ 1 ) V¢
M“:L-;ZLM MfY:Ml :;Mi’ (31)

i K m 2 K i i K $\2
F(e) k LA (k)
where the components of the diagonal normalizing matrix are introduced:

M-—1 (32)

CX(e,)

The matrix synthesizing the modes is found by calculating the normalizing matrix M“ from
Eq. (17) similarly to expression (31):
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1
Mi=— M, (33)
(%)
The second approach to calculating the normalizing matrices is asymptotic. It is formulated
assuming that there is a sufficiently large number of sensors and actuators, and the sum of the

squared second derivatives of the eigenmodes can be replaced by the average value of this function
along the length of the beam multiplied by the number of piezoelectric elements:

2 2 2
m 2 o , 2 Lmoer, 2 ["m;
Z_/:1(®ji) zlpz_jzl(Xi(xj)) ~ = O(Xi(x)) dx == : (34)
/ IET
In this case, the components of the diagonal normalizing matrix take the following form:

_ El
i 272, "
Q;lim

(35)

Finally, another normalization method is trivial (in fact, the absence of normalization), where
the matrix M is assumed to be singular:

M=1,,. (36)

Regardless of the method for determining the normalizing matrix, the proposed method for
calculating modal matrices is much simpler than the standard method (8) from the standpoint of
calculations. It also has another advantage: if the number of controlled modes is changed (while
maintaining the sensor and actuator system) there is no need to completely recalculate the modal
matrices, as with the standard method; it is sufficient to either add the corresponding columns to
them or remove rows from them.

This raises the natural question whether the standard and alternative approaches to calculating
modal matrices are fundamentally different; if the answer is yes, the conundrum is how this is
possible since both approaches are aimed at solving the same problem.

This apparent contradiction is explained simply: if the number of sensors and actuators, evenly
distributed over the control object, is increased, the results yielded by these approaches converge,
since in this case the columns of the matrix ® become orthogonal to each other, and the results
of inverting this matrix and transposing it (provided that the first normalization method (32) is
used) become identical.

In view of this remark, the greatest difference between the considered approaches to calculating
modal matrices is manifested in the case when the number of sensors and actuators used turns out
to be small. This specific case is considered below: the number of pairs of piezoelectric elements
in the problem is taken equal to two.

In addition to the formulation of the proposed approach, the novelty of this study is that
we consider the case when the number of modes controlled exceeds the number of sensor-
actuator pairs (k > m), while the opposite situation is traditionally considered in the literature on
modal control (k < m) [14, 15]. This means that the modes controlled in the systems discussed
below cannot be strictly separated from each other, which further complicates the problem of
determining modal matrices and increases the importance of studying the alternative approaches
to solving this problem.

Problem statement

The problem solved in this study involves damping of forced bending vibrations in a thin
aluminum beam elastically restrained in the midsection by piezoelectric sensors and actuators
glued to the beam in certain regions. This problem has already been considered in some of our
earlier studies: first in an experimental study [16], then in numerical ones [12, 17, 18], where the
goal was to simulate the processes occurring in the experiment as accurately as possible.

The experimental setup is shown schematically in Fig. 1. Beam [/ with a cross section of
3 x 35 mm and a length of 70 cm is arranged vertically and fixed at one point at a distance of 10
cm from the lower end. Piezoelectric stack actuator 2 is included in the fastener connecting the
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3 2

Fig. 1. Schematic of experimental setup:
aluminum beam 1; piezoelectric stack actuator 2;
fixed base 3; sensors 4; actuators 3;
digital controller 6; low-pass filters 7; amplifier 8

beam to fixed base 3. Longitudinal vibrations of the actuator, occurring when an AC voltage is
applied to it with a certain frequency, induce vibrations in the point where the beam is connected.
Such vibration acts as external excitation, whose consequences the control system should mitigate.

The control system consists of two sensor-actuator pairs (sensors 4, actuators 5), which are thin
rectangular piezoelectric plates measuring 50 x 30 mm, covered with electrodes on both sides.

In addition to digital controller 6, converting the measured signals into control signals, the
control circuit includes additional elements: low-pass filters 7 and amplifier §. Filters smooth out
the high-frequency components of the signal arising from discretization in the controller, and
generally increase the stability of the closed system; the amplifier increases the amplitude of the
control signal by 25 times before it is fed to the actuators.

The frequency characteristics of the filters and the amplifier are also taken into account in
numerical simulation of a closed system [12], which distinguishes this study from most numerical
studies on this subject.

Initially, the initial goal of control in the experiment and subsequent numerical studies, where
control systems were synthesized without observers, was to dampen the forced bending vibrations
of the beam only at the first and second resonances. The arrangement of sensors and actuators
on the beam was chosen in accordance with this goal [16]. However, our most recent studies,
starting with [12], consider, among other things, more efficient modal systems with observers
allowing to increase the number of beam eigenmodes to be controlled, while preserving the
number and arrangement of sensors and actuators. Therefore, the goal of control for such systems
was formulated as damping forced beam vibrations at three lower resonances.

The efficiency of control in the experiment was monitored with a laser vibrometer measuring
the vibration amplitude of a point at the upper end of the beam (since it is this point that
experiences the largest displacements during forced vibrations of the beam).

A finite element model of the control object (beams with piezoelectric elements and fastener)
was constructed at the first stage of numerical simulation of the closed system; analysis of the
model allows to obtain the frequency characteristics of the object [17]. Next, the frequency
characteristics of the closed system were calculated for each type of control system tested based on
the frequency characteristics of both the object and the CS itself [17]. To determine the efficiency
of control, we analyzed the frequency response of displacement of a point at the upper end of
the beam.

Synthesis of control systems

This study was aimed at synthesizing optimal control systems within the framework of the
approaches considered, i.e., such system that achieve the goal of control posed the most efficiently.
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For this purpose, an optimization procedure is used to construct the control systems [17, 18],
allowing to vary the parameters of the control system and select their optimal combinations,
satisfying the condition for stability of the closed system.

The optimization criterion is either the height of a specific resonant peak on the frequency
response of the beam (corresponding to displacement of the point at the upper end), or the sum
of the vibration amplitudes (in decibels) at the corresponding resonant peaks in the case when the
system must dampen vibrations at several resonances.

The stability of the closed system was analyzed using the Nyquist criterion, modified for the
case of several control loops [17].

Modal matrices, a mode analyzer and a mode synthesizer (7 and F) are calculated at the
first stage of CS synthesis, both with and without observers. They are calculated by different
techniques, discussed above. Then, control laws are synthesized for each combination of
modal matrices using the optimization procedure: for systems without observers, these are
frequency filters Rl(s) and R, (s) (see Eq. (4)), and for systems with observers, these are
diagonal matrices K*, K™, K®and K®, included in the definition of observation and
control matrices L and R (see expressions (16)). Various goals of control are set: both the
damping of beam vibrations at each resonance separately, and simultaneous damping at several
resonances.

Let us focus more closely on different techniques for calculating the modal matrices used in
this study. We assume that equalities (21) hold true for the influence matrices. In this case, two
approaches to calculating the matrices are globally possible.

The first method is inversion (or pseudo-inversion) (8):

T=(®S)+ =k'0", F=(0") =k"(0") (37)

The second method is transposition with multiplication by the matrix M (see expressions
(31, 33)):
1
(0) M= oM. (38)

1 T 1 1
T=—_M(©) =—M0", F=
ey T

The following influence matrices were obtained from the object model for cases of control over
two or three modes:

2X2:{3.659 —17.07} 2x3:[3.659 -17.07 21.48}. (39)

1.187 17.76 1.187 17.76  10.09

The normalizing matrix M was determined by one of the three techniques (see Egs. (32), (35),
(36)) (the last row and column are removed for control over two modes):

{ M"™ =1, M*" = diag{0.574 0.0159 0.00223}, (40)

M’itzdiag{0.0676 0.00165 0.00178}.

In this case, the product of multiplying the modal matrices by the corresponding influence
matrices is of greater interest for analysis than the matrices themselves; let us denote it as ® . The
matrix @ should have as much similarity as possible to the unit matrix for the best separation
of modes.

This requirement is satisfied for the case of control over two modes (k = 2) and inversion of
the influence matrices:

O, =70 =(0°F) =1, (41)
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Below we present the matrices corresponding to pseudo-inversion and different normalization
methods for transposition with & = 3: trivial, asymptotic and fitting (matrices for k = 2 can be
obtained by removing the last row and column from these matrices):

0.0236  —0.0201  0.150 148 —41.4 90.6
O™ =|-0.0201 1.00  0.00310|, @™ =|-414 —607 -187]|,
0.150  0.00310 0.977 90.6 —187 563 42)
849 238 520 1.00 280 6.12
O“™ =| —0.658 9.65 298|, O =|-0.0682 1.00 —0.309 .
0202 -0417 1.25 0.161 —0.333 1.00

As evident from the formulas obtained, different techniques for calculating the modal matrices
produce significantly different results for separation of the beam's eigenmodes in the control
system. Next, we can compare the efficiency of the considered approaches.

Comparison of results obtained from different control systems

This section presents the results from the synthesized control systems. Examples of control laws
for the CS based on the method of modal and frequency filters are given in [18], and examples
for the CS with observers are given [12].

Results of damping of forced beam vibrations at the first (I) and second (II) resonances
for systems without observers are given in Table 1. If the modal matrices are calculated by the
transposition method in such CS, it does not matter which normalization method is used, since
different methods produce the same result with the appropriate choice of gain coefficients in
the control laws in each of the loops. The CS synthesized for each technique for calculating
modal matrices (inversion or transposition) were efficient only at the first or second resonances
separately or at both resonances together.

As evident from the data presented, the most efficient damping of vibrations at both resonances
is achieved when one of the modal matrices is determined by inversion, and the other by
transposition (cases 3 and 4), the latter case is slightly more efficient.

Table 1

Decrease in resonant amplitudes of beam vibrations
for various control systems (without observers)

Calculation technique Amplitude decrease, dB,
Damping at resonance
Case T F I (Ay) IT (Ay,)
separately 32.04 30.84
1 Tr Inv
together 32.00 31.05
separately 32.31 31.41
2 Tr Tr
together 32.32 29.9
separately 32.72 31.48
3 Inv Tr
together 32.72 31.48
separately 32.77 31.45
4 Tr Inv
together 32.77 31.50

Notations: 7, F are the mode analyzer and synthesizer, respectively;
Tr, Inv are transposition and inversion of influence matrices, respectively.
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Table 2 gives the results obtained from different CS with observers at the first three resonances.
Two cases are considered for each combination of modal matrices: control over only two (k = 2)
or over all three modes (kK = 3). In each of these cases, various normalization methods were
considered: all three methods for £ = 3, only trivial and asymptotic for k = 2, since in this
case there is practically no difference between the asymptotic and fitting cases. The best results
of vibration damping at each of the resonances for each combination of modal matrices are
highlighted in bold in Table 2.

Table 2

Decrease in resonant amplitudes of beam vibrations
for various control systems (with observers)

Calculation technique k L Amplitude decrease, dB,
Normalization at resonance
Case T F 1(Ay) | 11 (Ay) | 111 (Ay)
{ Inv Inv 2 — 34.75 35.66 -
- 36.50 36.52 22.85
5 triv 36.44 36.55 -
asymp 36.68 36.53 -
2 Tr Tr triv 35.48 37.02 23.91
3 asymp 36.33 36.95 23.88
fit 36.18 36.99 22.75
5 triv 35.97 31.76 —
asymp 36.06 31.86 -
3 Inv Tr triv 36.18 37.09 21.99
3 asymp 36.78 38.23 21.69
fit 36.73 38.33 21.83
5 triv 36.93 36.98 -
asymp 36.94 37.18 —
4 Tr Inv triv 37.68 37.65 24.28
3 asymp 37.86 37.62 24.35
fit 37.93 37.64 24.46

Notations: k is the number of modes; friv, asimp, fit are trivial, asymptotic and fitting
normalization methods used for transposition.

Fig. 2 shows the frequency response of the closed system, where the vibration amplitude
of the point at the upper end of the beam, near each of the three lower resonances, acts as
the observable. The efficiency of four CS corresponding to each of the combinations of modal
matrices in the case of fitting normalization with simultaneous damping of vibrations at three
resonances is compared.

Notably, the difference between all the considered calculation techniques is small: it is within
a few decibels for control with observers, and about a decibel for control without observers. Thus,
robustness is observed in this aspect of the approaches to control considered. The most efficient
combinations of matrices for systems with observers are also 3 and 4, and the latter is again
preferable: it allows to damp the first and third resonances, while combination 3 allows to damp
the second resonance.

On average, the results for cases of asymptotic and fitting normalization are better than for
trivial the trivial normalization: asymptotic normalization is better for combination 2, and fitting
normalization is better for combinations 3 and 4. In general however, the normalization method
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is less important than the technique for calculating the matrices (inversion or transposition). It is
also worth noting that, on average, the first two resonances are damped better with control over
three modes (k = 3) than over two modes (k = 2).

In addition, the study confirms the conclusion drawn in [12]: control with observers remains
significantly more efficient than that based on modal and frequency filters for any techniques for
calculating modal matrices, besides it allows to damp vibrations at a larger number of resonances
exceeding the number of sensors and actuators.

>

a)

v, dB

90 95 100 105 110 115 fHZ
)

Fig. 2. Frequency response of the beam for different control systems (with observers) near resonances I (a),
II (b) and III (c): without control (curves /) and for different techniques 1—4 used to calculate modal
matrices (curves 2—J5) (see Table 2 for calculation techniques 1—4)

Conclusion

The paper considers various techniques for calculating modal matrices within the modal
approach to control of distributed systems. Along with the traditional method involving inversion
of influence matrices, an alternative method was considered and substantiated, consisting in
transposition of these matrices with subsequent normalization. The example of the numerical
solution to the problem of damping of forced bending vibrations in a thin metal beam was used to
prove that the best result of control was achieved by combining the given methods, when the mode
analyzer matrix was calculated by transposition, and the mode synthesizer matrix was calculated
by inversion. This conclusion is valid for systems both with observers and based on modal and
frequency filters. In addition, it is established that the results of control can be improved through
normalization of modal matrices calculated by transposition.
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