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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
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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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Annoranuga. B pabGorte comocraBieHO BIMSIHME BUIA, AO3BI M TeMIIEpPaTypbl OOJIyYEHUS
CTaOWJIBHBIMU 3JEMEHTApHBIMU YacTULAMU (2JIEKTPOHAMU M IIPOTOHAMM C BHEprusiMu 15
u 0.9 M3B cooTBeTCTBEHHO) Ha CBOICTBa BbICOKOBOJBTHBIX 4H-SiC MHTEerpupoBaHHBIX AU-
ogpoB Iortku (JBS) mpu komuatHoi (23°C) u mpeneibHO momycTtuMmoil padoueii (175°C)
TeMmIepaTypax. YCTaHOBJIEHO, UTO 2JIEKTPOHHOE O0JydeHUe O0BheKTa OMMHAKOBBIMM J03aMU
npu Temmeparypax 23°C u 175°C npuBOIUT K CYIIECTBEHHOMY pOCTy AudbepeHIIMaIbHOTO
CONPOTUBJICHUST 0A30BHIX CJIOEB B IMEPBOM Cllydyae U OTCYTCTBUIO 3TOTO 3(PpdeKTa BO BTOPOM.
OpHako Bo BTopoM ciiyyae DLTS-cnekTpbl AEMOHCTPUPYIOT 3aMETHBI POCT KOHLEHTPALUU
IIyOOKUX YypOBHEH B BEpXHEW MOJOBMHE 3ampelieHHOil 30HbI. [IpoToHHOE ke o0ayuyeHue
naxe npu 175°C nmpuBOAUT K CYLIECTBEHHOMY POCTY YKa3aHHOIO CONpOTHUBiIeHMs. Mccie-
JIOBAaHO BJIMSTHUE OTXKWTa Ha OOJIydeHHBIE TTPOTOHAMM CTPYKTYpHI. [TomydeHHBIE pe3yabTaThl
TMO3BOJISTIOT OLIEHUBATh YCTOWUYMBOCTD UCCIIETIOBAHHBIX TPUOOPOB K TIPOTOHHOMY U 3JIEKTPOH-
HOMY OOJIy4EeHHUIO B paMKax JIIOOBIX 3aJaHHBIX TPEOOBAHUI.

KmoueBbie cioBa: kapoua kpemHus, auon Illortku, obnaydyeHue, crnektp DLTS, BoabT-
aMrepHasl XxapaKTepucTruKa, OTXKUT
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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-
06005002.0)! 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]:

1= 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 reglon of biases exceeding the cut-off voltage; T, = 23°C (/).
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 mﬁuence 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 1, of electrons under the influence of irradiation is

n,=(n,—n)/®, ~ 0.40 cm™, €))

where 7 is the electron concentration after irradiation

The n, value obtamed 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 F1g 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 satlsfactory 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 V,
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, respectlvely

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 %. Meanwhlle the experlment 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/Z22 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
1.24
0.8
0.4
0.0+

F
Current [, A

08 1,2 1,6 2,0 24 28
Forward bias U, V

)
e

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 annealrng 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 reésistance 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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YCJIOBUSIX JJOKAJTM3aL WU ABYMEPHOTO 3JIEKTPOHHOIO ra3a B IPUKOHTaKTHOU objacTu. B pamkax
CTaTUCTUYECKOTO aHajJM3a ITyaCCOHOBCKOTO aHCcaMOJIsl JUHEWHBIX Ae(EeKTOB OIpeaesieHbI
ammuintyaa u macwrtad XIT B miockoctu KoHTtakTa. ITokazaHa 3aBUCUMMOCThL IapamMeTpoB
XIT oT IUIOTHOCTH TTOBEPXHOCTHBIX COCTOSSHMM M KOHILEHTpPAlMM AMCIOKAIWil Ha IOpore
MOJIBVIXHOCTUA ABYMEPHOTO 3JIECKTPOHHOTO Ta3a. YCTaHOBJICHO, YTO IMPU HaIU4YUU 3(PEHEKTOB
JIOKAJIU3alMM 3JIEKTPOHHOTO 3apsijia B reTepokKoHTakTax amrautyaa XI1 npesbimraer 100 MaB
B LIIMPOKOM Avana3oHe U3MEHEHUS IapaMeTPOB CUCTEMBI.
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Abstract. This work studies a chaotic potential (CP) in the heterojunctions of III-nitrides,
the CP caused by the electrostatic field of charged dislocations, under localization conditions of
a two-dimensional electron gas in the near-contact region. Within the framework of the statis-
tical analysis of a Poisson ensemble of linear defects, the amplitude and scale of the CP in the
contact plane have been determined. The CP parameter dependence on the density of surface
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BBenenmne

JIByMepHBIil 37€KTPOHHBIN ra3 B reTepOKOHTaKTaX Ha ocHoBe lII-HuTpumoB obGiamaeT, Kak
IIPaBWJIO, BHICOKON MOIBMXKHOCThIO. OJHAKO AJAaHHOE CBOMCTBO yKAa3aHHOM MOACHUCTEMBI CYyIle-
CTBEHHBIM 00pa30M 3aBHUCHUT OT COBEPIICHCTBA MOJYIIPOBOIHUKOBEIX CTPYKTYp. dedeKTHOCTh
KOHTAKTUPYIOLIUX ITOJYIPOBOAHMKOB M MexX(a3HON I'paHMIBl OrpaHMYMBACT IOABMXKHOCTh
CBOOOIHBIX HocuTesel 3apsiga [1]. B psiae ciydyaeB yMeHblIeHUE IJIMHBI CBOOOJHOTO Ipodera
HOCHUTEJIell BO3MOXHO M B pe3yjbTaTe MX pacCesiHMUSI Ha 3apsKeHHBIX auciaokamusax [1 — 3].
OueBUOHO, YTO MPHU MCCIACAOBAHUM IIPOLIECCOB MOAOOHOIO poia HEOOXOOMMO YYMUTHIBATh KakK
BO3MOXKHbIC KOHLEHTPALUM AAHHBLIX MPOTSLKEHHBIX Ne(EKTOB B Ie€TEPOKOHTAKTaX, TaK U 3a-
CEJICHHOCTb IOUCIOKALMOHHBIX cocTosiHuil [4]. IlepepacmpeneneHue 3J1eKTpPOHHON IUIOTHOCTU
MEXIy ITOBEPXHOCTHBIMU COCTOSIHUSIMUA M COCTOSIHUSIMU JIMHEMHBIX Ne(PEKTOB MPUBOIUT K U3-
MEHEHMSIM 3JICKTPUUYECKOTO IIOJII M MOTeHIMada B IJIOCKOCTM KOHTakTa. IIpy HEKOTOphIX ke
MpenesIbHbIX 3HAUCHUSIX CAyYailHBbIX I10JIe MOXKET BOZHUKHYTh COCTOSIHME CHJILHON JIOKaau3a-
LIMM JBYMEPHOIO 3JIEKTPOHHOTO rasza [5].

OLieHKY MOKa3bIBAIOT, YTO (QIYKTYallMM JIEKTPUUYECKUX I10JIeil Ha MOBEPXHOCTHU IIOJYIPO-
BOJHUKOB U (DOpMHUPOBAHUE XaoTU4yecKoro rnoreHuuana (XI1) Moryr ObITh CBSI3aHBI HE TOJIBKO
¢ 1e(EeKTHOCTbIO cCaMOli IMTOBEPXHOCTU, HO U C JIOKAJIM30BAaHHBIMU 3apsiiaMy B IIPUIIOBEPXHOCT-
HBIX CJIOSIX OOCMHEHMUS BJIEKTPUUECKUX IoJieil. B IMpokoM auama3oHe IapaMeTpoB MOJIYIIPO-
BOJHUKOBBIX CTPYKTYP BO3HMKAET KJIACCUUECKUI pa3MepHbIil 3(p(PeKT B KOHTAKTaX, CBSI3aHHBIA
C €CTEeCTBEHHOI COIOCTaBMMOCTBIO XapaKTepPHBIX MAcCILITa0OB B 00JACTU IPOCTPAHCTBEHHOTO
zapsaga (OI13) nmomynpoBomHuka [6]. YCTaHOBJICHO, UYTO B YCJIOBUSIX JAHHOTO €CTECTBEHHOTO
pasMepHoro 3¢dexTa 1 HEOOHOPOIHOCTU JOKAJIbHBIX IMOJIeHl 3apsKeHHBIX Ae(EKTOB B reTe-
POKOHTAaKTaxX MHpX YMEHBIICHUU IUIOTHOCTU [€JOKaJU30BAaHHBIX ITOBEPXHOCTHBIX COCTOSIHUIA
MIPOUCXOAUT POCT aMIUIMTYAbl U XapakTepHoro maciurtaba XII [7]. Kpome Toro, camo pacmpe-
IeJIeHWe 2JIEKTPOHHOIO 3apsaa B 00JacTHM KOHTAaKTa CaMOCOIJIACOBAaHHBIM OOpa3oM 3aBUCHUT
ot XII, ¢popMupyemMoro Ha rpaHulie pasiesa, MOCKOJIbKY U3MEHSIETCS CIIEKTP IOBEPXHOCTHBIX
COCTOSIHUI M, BO3MOXKHO, UX Jiokanu3auus. C yueToM ociabieHUs S9KpaHUPYIOLIEil CIIOCOOHO-
CTU IBYMEPHOTO 3JIEKTPOHHOTO Ir'a3a B YCJIOBUSX €T0 JOKaIMU3alUU IIPeACTaBIsIeTCsI BasXKHBIM HC-
cnenoBath CTpYKTyphbl XII 3apsokeHHBIX IMCIOKALIMKM B T€TePOKOHTAKTaX ITOJYyIPOBOIHUKOBBIX
HUTPUAHBIX COCAVMHEHUIA.

Llenp Hacrosieit paboTel — omnpenaeanTh ykazaHHbI XI1 B rerepokonTakTax I11I-HuTprumoB u
XapaKTep €ro 3aBUCHMMOCTHU OT ITapaMeTPOB CUCTEMBL.

Pacnpeueneﬂue NOoTCHIHAJA 3aAPAXKECHHBIX JMCJIOKAIIANA B reTEPOKOHTAKTE

st mpuMepa mpoaHaau3upyeM reTepocTpykTypy Ha ocHoBe KoHTakTa AlGaN/GaN [8]. Pac-
CMOTPMM MOJI€JIb, COTJIACHO KOTOPOM MpopacTalollue AMCIOKALUMU HECOOTBETCTBUS C IMOBEPX-
HOCTHOI KOHLIeHTpauuein N iy B YKQ3aHHOW TeTEPOCTPYKTYpe IMPENCTAaBICHbI B BUIE 3apSDKCH-
HBIX HUTEN, NePHEeHIUKYISIPHBIX K IUIOCKOCTU KOHTakTa. B mpeHeOpexkeHuU B3auMOISHCTBUEM

© Filimonov A. V., Bondarenko V. B., 2024. Published by Peter the Great St. Petersburg Polytechnic University.

22



4 ®du3MKa KOHAEHCMPOBAHHOIO COCTOSIHUS

MEXIYy OUCIOKALIMSIMU UX pacIpenesieHre 10 KOJIMYECTBY MOXKHO CUMTaTh ITyaCCOHOBCKMM. B
5TOM MPEICTaBICHUM BEPOSITHOCTD PACIIOIoXeHUs N yKa3aHHBIX TMHEMHBIX Ae(DEKTOB Ha y4yacTKe

KOHTaKTa paauyca R paBHa .
N —(N
o)L e 00) o

rae (N) — cpeaHee KOJIMYECTBO 3TUX Ae(PEKTOB HA JAHHOM Y4YacTKe, U <N > =N, nR>.

BcnenctBue monsipHOCTU XMMUUYECKON CBSI3M B KpUCTaUlaX HUTPUIOB aTIOMUHUSI U TaJlIUS,
B ME€XaHMYECKU HaMpPsLKeHHBIX TeTepOKOHTAKTaX BO3HMKAIOT Mbe303((heKT M CIIOHTaHHAs I10-
nspuszanus [8]. B pe3ynbTaTe MHXKEKIMU 2JIEKTPOHOB B 00J1aCTh KOHTaKTa (DOPMUPYIOTCS I10-
BEPXHOCTHOE I10JIe M COOTBETCTBYIOIINI M3TU0 30H B HUTPUIE rajuivs, IIpU 3TOM BeJIMYMHA I10-
CJIEHETO IIPEeBBIIIACT MOJOBUHY IIMPUHBI 3aIIpellleHHOM 30HK (OHA cocTaBsieT okoio 1,8 3B).
ITockonbky hopMuUpyeMblil KaHAJIbHBIN CI0I paccMaTpUBaeMO ITeTepPOCTPYKTYPhI IPAKTUYECKU
BCeraa COACPKUT HeJIeTUPOBAHHBIN MU KOMIIEHCUPOBaHHBINA HUTpu rausi GalN, o0beMHBI
3apsil B 00aCTU M3ruba 30H B OCHOBHOM 00pa30BaH 3apspKeHHBIMU auciaokauusmu. I[lpu Ha-
JIMYUK OOJIBIINX U3TMOOB 30H TaKue MpOTSLKeHHBbIE OedeKThl B mpenenax OIl3 OymeMm cuurtath
PaBHOMEPHO 3apsDKEHHBIMU C HEKOTOPOM JIMHEWHOM IUIOTHOCThIO A. Ecin B rerepokoHTaKTe
HMMEEeTCSl TOJBKO JIOKAJIM30BAaHHBIN MOBEPXHOCTHBINM 3apsil, TO IJIsS OIpenesIeHUs] ITapaMeTpOB
XIT nMeeTcss BO3MOXHOCTh BOCIHOJIb30BaThCSl MPUHLIMIIOM CyIeprno3uluu. MoXHO MoKa3aThb,
YTO IPU 3TOM AOMMHUPYIOIIUI BKJIad B KpyImHOMACIITaOHbIE (DIYKTyallMM I1OJISI B KOHTaKTe
BHOCUT CHCTeMa 3apsLKeHHBIX Auciokanuii [7].

[loTeHuman moysl MPOU3BOJLHO BBIOPAHHOI OMCIOKALIMU B IUIOCKOCTUM KOHTaKTa OyaeMm
ONpPENENATh B MOJSIPHON CUCTEME KOOPAMHAT, B KOTOPOW p — paauaibHasi KOOpAUHATA, ONpeae-
JISIIOIIasl PacCTOSIHME OT JaHHOTO JIMHEMHOro nedekTa 10 TOUKM HabmoaeHuss. MHTerpupoBaHue
BIIOJIb 3apsDKEHHOM nuciokaimu B peenax OI13 mmpuHoit L, naeT BeIuInHy MOTEHIMATbHON
SHEPruM MOBEPXHOCTHOIO JIEKTPOHA B IVIOCKOCTHA KOHTAaKTa:

2 2
2eh '+ L+ L
U, (p) = In LB 2)
g +¢, p
rae €, € — BEJIUYMHBI AUDJIEKTPUYECKON MPOHUIIAEMOCTH MOJTYTIPOBOIHUKOB, PUBEICHHBIX B
KOHTAKT.
OOBbeMHBII 3apsia B 00JacTU M3ruda 30H HUTPHUAA Ta/ulus B paMKax IPUBEISHHBIX MOIEIIb-
HBIX MPEICTABICHUII UMEET IUIOTHOCTh, PaBHYIO AN i 11PM 9TOM xapaktepHas mmpuna OI13
MOKET OBITh IIpeICTaBIeHa B BUIIE

3)

rae U, — BeinyrHa u3ruba 30H.

[s1 manpHEHIlero aHajad3a CHUCTeMbl HEOOXOAUM IIPOCTOM pacyeT, aHAJIOTUYHBINA MCIOJIb-
30BaHHOMY B pabote [7]. B paMkKax mpuBeAEeHHOIO METOHIa IMPEXIe BCEro MOXHO OIPEACIUTD
CpeIHUI BKJIa[ B 3HAUYCHME MOTCHIIMAJIbHOI 3HEPruu MOBEPXHOCTHOIO 3JIEKTPOHA B 3JIEKTPHU-
YeCKOM II0JI€ OOHOM AMCIOKAIUKU. AHAJOTMYHOE yCpeIHEHHE BhIpaXkKeHus (2) I0 IUIOLIAIKe
paguyca R maeT Clenyroluii pe3ysbTar:

<Ui>(R)_(

YuuteiBas pacrpeneieHrue 3apsKeHHBIX Aucaokanuii (1), MOXHO MpeacTaBUTh TaKxKe Cpel-
HEKBaJIpaTUYHOE OTKJIOHEHME MX KOJIMYECTBa Ha 3aJaHHOM YYacTKe IOBEPXHOCTU B BUIE

SN(R)=RnN,,,. (5)

[Iyrem nmepeMHoXeHuUs BhIpaxXeHuil (4) 1 (5) ¢ MOCIeayIIMM MOMCKOM MaKCUMyMa IOJy-
YEHHOTO IPOM3BEACHMUSI MOXHO OLEHUTh XapaKTePHYIO BEJIMUYMHY HEOIHOPOIHOCTEH MOTEHIIM-
aJIbHOI SHEPTUU MOBEPXHOCTHOIO 3JIEKTPOHA B MOJIE 3apsKeHHBIX Auciokanuii. CooTBETCTBY-
IOLIUI TIpeAeabHBIN Tepexon R — oo 1acT 3HaYyeHNe MCKOMOI BEJIMUMHDI:

AR +L +L,
LR+~ +R I Y— 2 |, 4)

2
81+82 R
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=
I

_4eML,\[nN,

SU sl (6)

€ + €,
[MoncranoBka B BbIpaxkeHue (6) 3aBUCMMOCTU (3) IIMPUHBI OOJACTU TPOCTPAHCTBEHHOTO
3apsifia OT MapaMeTpoB CUCTEMbl MPUBOAUT K CJIEAYIOLIEMY pe3yabTaTy:

U =—2— [rere,U,. (7)

g t¢g,

U, eV

0.4

0.2

/

107

0.0

4 3 -2

10 10
A, CGS units

Puc. 1. 3aBucumocTb cpelHell BeJUUMHbI (IYyKTyalMi XaOTMYECKOIro ITOTEHLMaa 3apsiKeHHbBIX
nuciokanuii B rerepokoHTakTe AlGaN/GaN oT TMHEHOM TJIOTHOCTHU 3apsa.
Benuunna uzruba 300 U, = 1,83B

B paccmaTpuBaeMoii reTepoCTpYKType OMAJEKTPUUECKHE IIPOHUIIAEMOCT HUTPUAA aJTIOMU-
HUSI 1 HAUTPUAA TaJlIvsl paBHBI coOoTBeTCTBeHHO 9,2 u 10,4 [8]. XapakTepHblil BUA MOJTYyYEHHOMN
3aBucumoctu OU(L) (cM. popmyiy (7)) mpencraBieH Ha puc. | Tpu 3HaAUEHUM TapaMeTpa Be-
JmuuHbl u3rnba son U, = 1,8 oB. TlockonbKy BbipaxeHue (6) mis OU OBbUIO TOJYyYEHO IpU
OCyILIeCTBICHUN (DOPMaJIbHOIO MpeAeabHOro nepexoga R — oo, XII, HaiiieHHBIN TaKUM OOpa-
30M, SIBJISIETCSI KPYITHOMACILTAOHBIM.

ILnoTHOCTD MOBEPXHOCTHBIX COCTOSIHUM B reTEPOKOHTAKTE

Hanuuue xpynHomacimtabHoro XII 3apsikeHHBIX AMCIOKALMII B IIPUKOHTAKTHOM 00JacTU
paccMaTpUBaEMOil TeTepOCTPYKTYPhl MOIU(MULIMPYET KBA3UKIACCUUCCKUI CIIEKTP MOBEPXHOCT-
HBIX COCTOSIHUI U MPUBOIUT K ITOSBICHUIO «XBOCTOB» MX IIOTHOCTU. B 3TOM ciyuae, mpu mu3-
BECTHOM BUJE 3aKOHA pacIpeic/icHUs] MOTeHUNANIbHONM SHEPIrMU 3JIEKTPOHA, MOXHO IOJIYYHUTh
COOTBETCTBYIOIILYIO dHEPTETUUECKYI0 3aBUCUMOCTb TUIOTHOCTU coctosinuii D(E) [9]. C yuyerom
KBa3MHEIPEPBIBHOCTU CIIEKTPa DJICKTPOHHBIX COCTOSIHUM MCXOMHOE BBIpaxKEHUE JUISL UX IUIOT-

HOCTU MMECT BU
E

D(E)= [ D,(E-U)-f(U)dU, (8)
o
rue DO(E) — HEBO3MYIICHHAs MIOTHOCTh COCTOsTHUM, f{U) — YHKIUS IJIOTHOCTU pacrpenesie-
HUSI BEPOSITHOCTU JJISI TIOTEHLIMAILHOM SHEepruu 3jieKTpoHa U Ha MOBEPXHOCTU.

IIpu mapabonmyeckoM 3aKOHE AMCIIEPCUM KBa3MKJIACCUYECKAasl IVIOTHOCTh MOBEPXHOCTHBIX
COCTOSIHUIA B IIpe/ieiax pa3pellieHHOM 30HbI B OTCyTCTBUE XI1 M JOJMHHOTO BBIPOXKICHUS SIBJISI-
eTcst KoHcTaHTo# [10] 1 3aBUCUT TOIBKO OT 3(h(PeKTUBHOI Macchl 2jieKTpoHa. IloaToMy BhIpa-
KeHue (8) MOXHO YIPOCTUTD:

D(E)=D0]2 f(U)au. )

TakuMm o6pa3om, BuI (yHKIIMOHATLHOI 3aBUCUMOCTH D = D(E) MOTHOCTBIO OINpenessieTcs
XapaKTepOM paclpeacieHus MOTeHINAIbHON 3HEPIruy MOBEPXHOCTHOIO 3JIeKTpoHa. Ilpu ydyere
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MPUHINIIA CYNEPIIO3ULINY ITOJIeH Cy4ailHO PacHoIOXEHHBIX 3apsKeHHBIX TUCIOKALMI BIIOJIHE
MMpUMeHMMa Mojielib rayccoBa pacupeneneHus XIT [11]:

2

1
F(U)=——exp| ——— |.
dU~2m 2-8U°
ITocne moncTtaHOBKM (DYHKUMU IJIOTHOCTH pacipenencHus BeposTHOCTU (10) B BbIpakeHME
(9) 1 BBIYMCIIEHUST MHTETpajla pe3y/IbTaT ISl INIOTHOCTY MOBEPXHOCTHBIX COCTOSIHUM IOJIy4YaeM

yepe3 (PYHKIIMIO OIINOOK:
D E
D(E)=—"2-|1+erf| ——||. 11
(£) 2 (SU\/E j (1)

DTta (opMysa MO3BOJISIET MOJYUUTh BhIpAXKEHUE IS KOHLIEHTPALlUU ABYMEPHOIO 3JIEKTPOH-
HOTO Tra3a

(10)

Eg
n; = | D(E)dE, (12)
npu HU3KKX Temieparypax 1" (bopmanbHo nipu 1T — 0 K), koTopoe nmeeT ciaenyromuii Bun [12]:
D, E, 2 E}
ng=—2L-<E.|l+erf| — = +5U\/:exp — | (13)
2 SUN2 n 28U

3nech E, — sHeprus @epmu B MOBEPXHOCTHOM 30HE.

XaoTnyeckuii mMOTEeHIMA B reTepoOKOHTAKTE Ha nmopore nmoABMKHOCTH
JABYMEPHOI'0 3JICKTPOHHOI'0O rasa

KoHkpeTHble 3HaueHus BeaMYuH U M 1, MOXHO OLIEHWTb NPU M3BECTHBIX YCIOBUAX, Xa-
paKTepHBIX Ijis1 (POPMUPYEMBIX KOHTAKTHBIX CTPYKTYp. Ilpexme Bcero MoxHO IojiaraTbh, 4TO B
PaBHOBECHOM COCTOSIHUM BBHIIIOJHEHO YCIOBUE 3JIEKTPOHEUTPaIbHOCTU:

Ng =ng +£Ndisll‘0’ (14)
e

rae Ng — KOHIIEHTPALWsl TIOBEPXHOCTHOTO 3apsiia B KOHTAKTE.

Ecnu BenuuuHa (14) 3aBUCUT TOJBKO OT IIPUPOIBI KOHTAKTUPYIOLIUX ITOJIYIIPOBOJHUKOB, TO
JUTSL 3aIAHHO¥ TeTepOCTPYKTYphl N, = const. B 3TOM ciiydae BO3MOXKHO JIMIIb Tiepepacipesiesie-
HHUE JIOKAJM30BAaHHOIO 3apsiia MEXIy MOBEPXHOCTHBIMU U JUCIOKALMOHHBIMU COCTOSIHUSIMMU,
KOTOpOe OyIeT 3aBUCETh OT peajau3yemMol cutyauuu. Hampumep, Ha Kj1acCUYeCKOM IOpOre Moj-
BIXKHOCTH (T. €. ipu ycnosuu £, = 0 [9]) mpakTudecku Bce JIOKATN30BaHHbBIE MOBEPXHOCTHBIE
COCTOSIHUSI OyIOyT 3alOJHEHBI, YTO COOTBETCTBYET YCJIOBMIO ITOSIBICHUSI Ha IMBJIEKTPUUECKOM
MMOBEPXHOCTU MAaKCHMAaJIbHOI'O 3JIEKTPOHHOro 3apsina. B stom ciydae u3 BelpaxeHus: (14), c
yuetoM (3), (7) u (13), ymaeTcsl MOJy4UTh SIBHYIO 3aBUCHMOCTb XapakKTepHbIX BeauunH XII ot
KOJIMYECTBa 3apsDKeHHBIX NMCIOKALIMM HA eAMHULIE IO IMTOBEPXHOCTH KOHTAKTA:

421N,
4e2D0 +(8] +82)J2 sl '

Jist 3HavYeHUs1 BEJMUYMHBI TIOBEPXHOCTHOM KOHLEHTpauuu 3apsiia N, = 10" cM 2 u aByx
3HAYCHUH TIOTHOCTU TIOBEPXHOCTHBIX COCTOsIHUIL D) TpauK 3aBUCUMOCTH CPEIHEN BETMIMHBL
(aykryauuit moreHUMaaIbHOR 3Hepruu (15) oT KOHIEHTpalMU 3apsSLKeHHBIX TUCIOKALIMKA Ipe-
CTaBJIeH Ha puc. 2.

oU =

(15)

OO0cyxaeHne pe3yJabTaToOB

[IpoBeneHHbBII aHAIMU3 ITOKA3BIBAET, YTO B YCIIOBUSX JIOKAJIM3ALUKUU IBYMEPHOTO 3JIEKTPOH-
HOTO Ta3a yxXe IpPU JOCTATOYHO YMEPEHHBIX BEJIMYMHAX JUHEHHON IUIOTHOCTH 3apsiia Ha IUC-
JIoKanusx (1Mo CpaBHEHMIO ¢ MAKCMMaJIbHO BO3MOXHBIMU BeanunHaMu nopsiaka 0,01 en. CI'CHO
[7]), ammutyna XI1 B reTepOKOHTAKTe MOXKET HOCTUIaTh 3HAUEHUI B HECKOJIBKO COTEH MUJLIM-
3J1eKTPOHBOJIBT (cM. puc. 1). 3aBucumocth dU = dU(A), mojyueHHas JJIsi yKa3aHHOTO cliydvas,
JMOCTaTOYHO cjabasi: corjacHo BeipaxkeHwuio (7), BenuurHa U MponopLuoHaabHa KBaIpaTHOMY
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| -
U, eV
_\ 2
0.4 N
03 \
—_— 1
—
02 | \

N cm’

disl >

Puc. 2. 3aBucumocTu cpeaHeil BeJIWUYMHBI (PIYKTyallMii XaOTMUYECKOro IOTEHLMaNa 3apsiKeHHbBIX
MUCIIOKALIMI B TETEPOKOHTAKTe OT MX KOHIIEHTPAIlMM Ha IOpPOre ITOABUKHOCTHA JBYMEPHOTO
5JIEKTPOHHOTO Ta3a, TPU IBYX 3HAUEHUSIX TUIOTHOCTU MTOBEPXHOCTHBIX
coctosinuit D, cM~>oB~": 1-10" (1) u 5-10 (2); Ny = const

KOPHIO U3 BeJIMYMHbBI TMHEWHON TUIOTHOCTH 3apsiaa A. JIpyruMu cjioBaMu, yKa3aHHbIE BEJIUYMHbI
XapaKTEePHBIX HEOIHOPOMIHOCTE! IMOTeHIIMAaIa B KOHTAKTe COXPAHSIIOTCS B JOCTATOYHO IIMPOKOM
IMara3oHe M3MEHEHMs IapaMeTpoB cucTteMmbl. KpoMe Toro, BBUIY Haluuusl He3KpaHUPOBAH-
HBIX, MEIJICHHO MEHSIIOIIUXCS B IMPOCTPAHCTBE KYJIOHOBCKUX IoJieil Buaa (2), moiaydaemblin XI1
B KOHTAKTE¢ OKa3bIBaeTCS KPYIHOMACIUTAOHBIM.

EcrecTBeHHBIMU CIEACTBUSIMU CYLLIECTBOBAHMSI KpylHoMaciuTabHoro XII B rerepoKoHTaKTe
SIBJIIIOTCSI TIOSIBJICHUE «XBOCTOB» IUIOTHOCTU ITOBEPXHOCTHBIX COCTOSIHUM M BO3MOXHOCTH IIe-
pepacmnpenenaeHusl JIOKaJIM30BaHHOTO 3apsiga. Eciu B reTepoKoOHTaKTe BeIMYMHA IOJHOIO II0-
BEPXHOCTHOTO 3apsiia OCTaeTCs HEM3MEHHOM, TO MPY YBEJIMYECHUM KOHLIEHTPALUU 3apsIsKeHHBIX
IUCIOKALIMKA MMPOUCXOIUT, B paMKax IPUHSITOTO MOIEJbHOIO MPUOIMKEHUSI, CHIDKEHUE CPell-
Hel BeJIMYMHBI (QIIYKTyaluid TOTeHLIMAIbHON 9HEePTruy MMOBEPXHOCTHOTO 3JIEKTPOHA (CM. puC. 2).
Takoe noseneHue BeMUMHbI U CBSI3aHO ¢ OcaabeHMEM €CTECTBEHHOIO pa3MepHoro addekTa,
IIOCKOJIBKY B 3TOM Cjydae 3apsil paclpeneisieTcs 1o 0oblIeMy KOJIUYECTBY IPOTSKEHHBIX Je-
(eKTOB U AOCTUTACTCS JIydlllee CTAaTUCTUIECKOe YCpeAHEHNE HEOOHOPOIHBIX Tojieli. CHIDKeHNE
Ke IUIOTHOCTU ITOBEPXHOCTHBIX COCTOSIHMI (UTO COOTBETCTBYET MEHBIIUM 3HAUeHUSIM 3¢ dheK-
TUBHOM MAacChl JIEKTPOHA B MOBEPXHOCTHOM 30HE) MPUBOAUT K 3aMeTHOMY pocTy OU.

3akJioyeHue

B pabore uccienoBaHbl 0cOOEHHOCTU XaoTuueckoro noreHumana (XII) B rerepokoHTakTax
HUTPUIOB TPETbell TPYIIIbl, MHIYLMPOBAHHOTO 3JIEKTPOCTAaTMYECKUM II0JIEeM AUCIOKAILWil, B
YCIOBUSIX JIOKAIM3alMKU ABYMEPHOTO 3JIEKTPOHHOIO Ira3a B IMPUKOHTAKTHOMN obyactu. Ompene-
JeHbl ammuiutyga XI1 B IJTOCKOCTM KOHTaKTa M XapaKTep IPOCTPAHCTBEHHOIO pacIIpenesIeHUs
cooTBeTCcTBYIOLIeTO Iojsd. IlokazaHa 3aBUCMMOCTb XapakTepHbIX BelnuuH XII oT mapameTrpoB
CUCTEMBI. YCTaHOBJICHO, YTO IIpY HATMYNUU S(PPEKTOB JTOKAIU3aUM JIEKTPOHHOTO 3apsiia B re-
tepokoHTakTax I1I-HuTpuaoB BenmunHa aMmuiutyabl XI1 MoxeT npesbiath 3HadyeHrue 100 maB.
JaHHBIN pe3yabTaT IMPeICcTaBIsSeTCs] BaXKHBIM KaK C TOUKM 3PEHUsI COBEPIICHCTBOBAHUS TeX-
HOJIOTUM CHUHTEe3a ITOJyIIPOBOIHMKOBBIX IIPUOOPOB HA OCHOBE COOTBETCTBYIOILMX KOHTAKTHBIX
CTPYKTYP, TaK U C MO3ULIMKA TEOPETUUYECKUX MCCASAOBAHUI CBOMCTB IBYMEPHOIO 3JIEKTPOHHOTO
rasa.
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Abstract. In the paper, the studies of electret properties of polypropylene with different
percentages of montmorillonite have been carried out by methods of thermally stimulated po-
tential relaxation and thermally stimulated currents. A significant effect of filler concentration
on the electret state stability was revealed. The parameters of electrically active defects and the
storage time of the electret state were determined. It was established that polypropylene with a
4% mass content of montmorillonite exhibited the best electret properties.
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Annoranusg. [TpoBeneHbl UCCIENOBAHUS DIEKTPETHBIX CBOMCTB MOJUIPOINWICHA C pa3iny-
HBIM MPOLIEHTHBIM COAEPXKaHWEM MOHTMOPWIOHUTA METOJAMU TEPMOCTUMYJIMPOBAHHON pe-
JIakcalluM MOTEHIMada U TEPMOCTUMYIUPOBAHHBIX TOKOB KOPOTKOTO 3aMbIKaHUs. BbIssBIeHO
3aMETHOE BIWSIHME KOHUEHTPAIMKA HATIOJHUTENSI Ha CTAOUIIBHOCTD 3JIEKTPETHOTO COCTOSTHUSI.
OrnpeneneHbl MapamMeTpbl NEKTPUUECKN aKTUBHBIX Ae(EKTOB U BPeMsI XpaHEHUsI 3JIEKTPETHO-
TO COCTOSTHUS JUISI pa3HOTO CO/Iep>KaHWs HATIOJTHUTENST B 0Opasiiax. YCTaHOBJIEHO, YTO Hau-
JIYYIIMMU 3JIEKTPETHBIMU CBOMCTBAMU 00JIafaeT MOJMIpornieH ¢ 4 %-M MacCOBBIM cofep-
>KaHUEM MOHTMOPUWJUIOHUTA.

KmoueBsie cioBa: QJICKTPET, HOJTI/IMepHBIﬁ KOMITO3UTHBIN Marepuaj, 3JCKTPETHOC COCTOA-
HHC, IMTOJIUIIPONNICH, MOHTMOPUJIJIOHUT

®unancupoBanue: VccienoBaHue BBIMOJHEHO Mpu (GUHAHCOBON Tonaepxkke MuHHUCTEp-
cTtBa obpazoBaHus Poccuiickoii Penepannm Kak yacTb ['ocymapcTBeHHOTO 3amaHMs (TTPOEKT
No VRFY-2023-0005).

Jna wutupoBanusa: KapynuHa E. A., Boaruna E. A., Kynemmna C. M., Taruxa-
HOB M. @., MunzarupoBa A. M. BiusHue HamoJHUTENISI Ha OCHOBE MOHTMOPMJIJIOHHUTA
Ha 3JICKTPeTHBIe CBoMcTBa mosmmnponuieHa // HayuHo-texHuueckue Bemomoctu CIIGITTY.
®dusnko-mareMatnueckue Hayku. 2024. T. 17. Ne 1. C 29—37. DOI: https://doi.org/10.18721/
JPM.17103

CraTbsl OTKPBITOrO J0CTyIa, pacrpoctpaHsemas 1o juueHsun CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

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].

a) b)

—=— negative polarity of the discharge electrode,

1 54 —a— negative polarity of the discharge electrode —e— positive polarity of the discharge electrode
i —=e— positive polarity of the discharge electrode 1,04
;0.8 .
z 2 o8-
& e
= 064 =
"E g 0.6 -5
o |5}
] 0,44 °
{=" 2 0,4
Q Q
g 8
E oz 5 02
@ 8 ~
0,04 0,04
4|0 5'0 EI(J 7'0 BID 9'0 J ' ' . ! Y T T )
5 30 40 50 60 70 80 90 100 110 120
T,°C T,°C
B

Fig. 1. Temperature dependences of the surface potential (relative units)
for polypropylene (PP) charged samples without filler («) 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
b —— PP+4%MM
2,00E-012 4 ——PP
0,00E+000 T T T T T
10 20 40 60 70 80 90
T,°C

-2,00E-012
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-6,00E-012

-8,00E-012 -]

-1,00E-011 4

-1,20E-011

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.

a) b)
» —— B =6°C/min 1A
I,A —— B =9 °C/min 5 1 B = 6°C/min
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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 W
= — 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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40 50 60 70 80 90 100 110 120 T’ C

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.
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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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BBenenne

ODHUM M3 COBPEMEHHBIX HaIlpaBeHUI MCCIEeO0BaHMIA B 00JacTU (DU3UKU IOIYIIPOBOTHU-
KOB SIBJISIETCS pa3paboTKa (POTOACTEKTOPHBIX MPUOOPOB HA OCHOBE HUTEBUIHBIX HAHOKPUCTAJI-
noB (HHK). YkazanHast mpobGiema oOpeia 0coOy0 aKTyaJbHOCTb B CBSI3U C SIBHBIMU IIPEUMY-
mwectBamu HHK mepen TOHKOIUIEHOUHBIMM CTPYKTYpaMU TOI'O XK€ COCTaBa.

Bo-nepBrix, B npouecce cuHte3a HHK Ha nx GOKOBOI IOBEPXHOCTU MPOUCXOIUT pelaK-
calus YIpyrux HampsKeHWI, BOZHUKAIOIIUX M3-3a Pa3HMUIBI IMOCTOSHHBLIX PEIISTKU IOJIYIIPO-
BOIHUKOBBIX KpucTauioB nomioxky 1 HHK. JanHHoe 0OCTOSITeIbCTBO ITO3BOJISIET IIPOBOIUTH
SIIUTAKCUAIbHBIIA CUHTE3 psla IMOJYIPOBOAHMKOBBEIX MaTepuanoB, Takux Kak InGaN, GaPAs,
InAsP [1, 2], m1st KOTOPBIX COIJIACOBAHHBIC IO MapaMeTpy PEIISTKHU IOMAIOXKY MaIOAOCTYITHbI
1160 BoBce oTcyTcTBYIOT. B ToM uncie it HHK ¢ nuamerpamuy Hyke KpUTUYECKOTO 3HAUCHUS
(24 — 110 uM) [3] BO3MOXHO (pOpMUPOBAHUE MOJYIIPOBOIHUKOBBIX IIPUOOPOB C aKCUAJIbHOM
reomerpueit HHK, obiagarmoiimx TOMIIMHON CI0€B, pacCOIJIaCOBAaHHBIX I10 MapaMeTpPy PELIETKH.
3HayeHUs YKa3aHHOU TOJILMHBI IIPEBBIIAIOT KPUTUUECKOE (HECKOJIbKO HAHOMETPOB) IIJIsl aHa-
JIOTUYHBIX CTPYKTYP B IUIAHAPHOM MCIIOJIHEHUU [4].

Bo-BTOphIX, He MeHee BaxkHoe mpeumyiectBo HHK mposiBisieTcss mpu co3gaHum mpudo-
POB, B KOTOPBIX UCIOJB3YIOTCS 3JEKTPOHHBIE pa3MepHble 3 GeKThl WK JIOKATIU3ALUS 3JEKTPO-
MarHUTHOIO IIOJISI Ha CcyOBOJIHOBBIX pa3Mmepax. Ha 0a3ze Takux mprOOpOB BO3MOXHO CO3IaHME

© Dvoretckaia L. N., Mozharov A. M., Goltaev A. S., Fedorov V. V., Mukhin 1. S., 2024. Published by Peter the Great
St. Petersburg Polytechnic University.
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3 HEeKTUBHBIX (POTOANOAOB, OTHOMDOTOHHBIX UCTOUHMUKOB U3IyYeHUs U Ip. [5].

B-tpetbux, BaxkHbeiM npeumylnecTBoM HHK siBnsiercss Bo3aMoXHOCTh (pOpMUPOBAHUS MPU-
OOpHOI CTPYKTYpBl HE TOJbKO B aKCHAJIbHOM HampaBicHUU (IEPIECHIMKYISIPHO ITOMJIOXKKE),
HO M Ha 6okoBoil rpanu HHK (paguanbHas reomMeTpusi, UJId T€OMETPUS «SIIpO-000JI0UKa»).
JaHHOe 0OCTOSITEILCTBO 00ECIeUMBAaeT BO3MOXKHOCTD pa3rpaHUYeHUS (PU3MISCKUX ITPOLICCCOB,
TaKMX, HaIlpMMep, KaK ITOMJIOLIEHUE CBeTa U pa3lecHUEe HOCUTEIICH 3apsiia, YTO MPUHIUIINAb-
HO HEBO3MOXHO B CJIydae IJIJaHapHOI T'eOMETpUM.

HanHag paboTa MOCBSIICHA aHAIM3Y BIMSHUS THUIIA JICTMPOBAHUSI KPEMHUEBBIX ITOMIOXKEK
B CHCTEME MaTepHaiOB HUTCBUIHBIX HAHOKPMCTA/UIOB apCceHUAA MHAWS Ha MOIJIOXKax (maiee
HCIIOJIb3yeTcsl 00o3HaueHre InAs/Si) Ha XapaKTepUCTUKU (hOTOACTEKTOPHON AUOIHOM CTPYKTY-
pbl. MccnenoBaHue MpoBEAeHO B paMKax YMCJACHHOIO MOAEIMPOBAHMSI.

>

OO0BeKTHI HCCIETOBAHNSA H pacyeTHBIH METOx

B pabote paccMarpuBaioTcsl IBe YIPOILICHHBIE KOH(PUTYpallMU aKCUAIbHBIX JUOIHBIX IeTe-
POCTPYKTYpP Ha OCHOBE HUTEBUIHBLIX HAHOKPUCTA/UIOB apCeHUIAa MHAWS Ha KPEMHUEBBIX ITOA-
JIOXKKaXx:

n-InAs/i-InAs/p-Si (kondurypauus n—i—p);

p-InAs/i-InAs/n-Si (koHdurypauus p—i—n).

Bri6op pasmepoB HHK Obl1 mpoauKToBaH ONTUMAIbHONM IreOMeTpueil BOJIHOBOAA IJisI I1O-
cTpoeHust (POTOAUOIHOM CTPYKTYphl B KOMMYHUKAIIMOHHOM AMAaNa30He MJIMH BOJIH JJIS TaKMX
HHK [6]: nnuna — 2,5 MM, guametp — 300 am. CiieayeT OTMETUTh, YTO MPU JaHHBIX Xapak-
tepHbIX pazMepax HHK B Hux He Bo3HMKaeT pa3MepHBIX 3((PEKTOB KBAHTOBAHUS SHEPreTHYE-
CKUX YPOBHEM.

TonmuHa BepxHero sMuTTepa Oblla BbhIOpaHa paBHOI 50 HM IIpU YpPOBHE JIETMPOBaHUS
10'8 cM3, uTO OOECITEeYMBAIO JOCTATOYHOE KOJIMUYECTBO HOCUTENEH 1151 (hOPMUPOBAHUS 00IaCTH
npocTtpaHcTBeHHOro 3apsaa (OI13) nmpeumyiiectBeHHo BHyTpu HHK.

YuciaeHHoe MonenupoBaHUE padOThl AUOAOB IpoBoauiioch B makete Comsol Multiphysics.
Pacuer BBIOMHSIM B paMmKax ApeiidoBo-nudGy3MOHHOM MOIECIU C Y4eTOM cTaTUCTUKU Dep-
Mu — [upaka o o0oux TUIIOB HocuTelseil 3apsaa. Just yueta 3(h(heKToB peKOMOMHALIMKU HO-
cuTenei 3apsima ucrojb3oBanach Moaeiab Iloxim — Puma — Xoiia ¢ 0a30BbIMU 3HAYCHUSIMU
BpeMEHU XU3HU B apCceHUIe MHAKUsS, paBHBIMU 30 HC IJIs1 3JIEKTPOHOB U 3 MKC IIJisI ABIPOK [7, §].
[TapameTpbl mOMYIIPOBOAHUKOBBIX MaTepUaOB ObLIM B3STHI U3 padoT [8, 9].

Hnst yaera HeuaeaabHocTu cTpykTypsl HHK, HampumMep Hanmuust ToYeYHBIX Ae(PEKTOB MU
Bo3HUKHOBeHMsT B HHK pa3nuyHBIX MOJUTUIOB, B MPOLECCe MOACIMPOBAHUSI IPOBOAUIOCH
BapbUpOBaHUE IIUHBI U PYy3un HocuTesel 3apsiga. PaccMaTpuBaeMble 3HaUGHUS IJIUHBL AU~
(¢y3umn HocuTeaeil BapbupoBaauch B auanaszoHe oT 500 HM 10 20 MKM.

BaxHo oTMeTuTh, UTO B paMKaX JAHHOI'O MCCJIEAOBAaHUSI HE YYUTHIBAJIOCH BIMSIHUE ITOBEPX-
HOCTHBIX COCTOSIHUI Ha paboTy Auona.

Pe3yibTaThl 1 X 00CyXKIeHHE

CoryacHO JIUTepaTypHbIM OaHHBIM, TrerepouHTtepdeiic InAs/Si mpeacraBisieT coboii rere-
poIriepexoa BTOPOIro TUIIA, MPU KOTOPOM IIOJOXEHME MOTOJIKA BajJeHTHOI 30HBI 0OOMX MaTe-
pUaIOB HAXOAUTCS IPUMEPHO Ha OJHOM 3HEPreTUYECKOM YPOBHE, YTO NIeJIaeT €CTeCTBEHHBIM
BBIOOP KPEMHUMEBOW MOMJIOXKU € MPOBOIAUMOCTBIO p-TUMA ISl TOCTPOEHUS TUOJHBIX CTPYKTYD
(puc. 1,a). B cBoo ouepenb, 0COOCHHOCTbIO JAaHHOW KOH(MUIrypamuu sIBJISIETCS pacIpocTpaHe-
Hue OII3 B obnacTh rerepouHTepdeiica, UTo B ClIydae paccMaTpuBaeMoil reoMeTpuu (oTome-
TeKTOPHOI CTPYKTYpPhl MOXKET IPUBOAUTH K MOSIBJICHUIO TOKOB YTEUKM B IKCIIEPUMEHTAJIbHBIX
ycnoBusix [10, 11]. HecmoTpsa Ha OoObIION SHEPreTUYECKU pa3phlB MOJOXEHUI ITHA 30HBI
MIPOBOAMMOCTH Y IBYX MaTepUaIoB, CTAHOBUTCSI BO3MOXKHBIM (hDOpMUpPOBaHME OOPAaTHOIO MO I10-
JIIPHOCTU AMOJa 3a CYeT MaJioil 3((EeKTUBHOM MacChl IJIs1 3JIEKTPOHOB B apceHuae uHaus. [eii-
CTBUTEJIbHO, MPU BBIOOPE MOMIOXKKHU 71-TUMA 3JIEKTPOHBI U3 MOMJIOXKM IOJKHBI IepeMelaThCs
B HHK, uyTo OyneT mpuBoauTh K 00pa3oBaHUIO B KpPeMHUU 00JIaCTU, 00eTHEHHOU 3JIeKTPOHAMMU,
1 00JaCTU B apCeHUIe MHAUS, UMU OOOralleHHOIA.

[Monoxenue yposHst PepMu £, OTHOCUTENLHO JHA 30HBI IPOBOAUMOCTH JUISl BHIPOXKICHHbBIX
MMOJIYIIPOBOJHUKOB MOXKET ObITh BBIPAXKEHO clieayrolleil hopmyroi [12]:
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a) , b)

— Conduction band |
— Valence band
—-Fermi level

— Conduction band
— Valence band

-1.07 —-Fermi level 1
-1000 0 1000 2000 -1000 0 1000 2000
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Puc. 1. 3onHbie cTpyKTypbl Auoaa npu temnepatype 200 K ayis ciayyaeB BbiOopa
MOMJIOXKY p- (@) uiau n-tumos (b)

2 2

E, = -(3n’n)3, (1)

2m*

rae m" — 3ddeKTUBHAs Macca dJIEKTPOHA, # — KOHLEHTpaLUs HOCUTENeH, /i — mpuBeaeHHAas
noctosiHHas Ilmanka.

[MoncraBus B manHyio dopmyny addexruBHyio Maccy InAs, pashyio 0,023m, (m, — macca
3JIEKTPOHA), IMOJIyUMM, YTO VIS KOMIIEHCALIMK pa3pbiBa 30H MexXny 7-Si u InAs m1ocTaTOUHBIM
OyIeT ypOBEHb JIETUPOBAHUS MOMIOXKKA oKoyio 10 cm3.

OTMeTHM, YTO TaKue IOUIOKU KOMMEPYECKHM AOCTYIHBI. B meicTBUTEILHOCTH Tpebyemoe
3HAYCHME MOXET 0Ka3aThCs JaxKe HIKe, Oyiaromaps IMOSBICHMIO pa3MEpPHOrO KBAaHTOBAaHMS B
InAs Bnonb ocu HHK 3a cuer pe3koro usruba 30H U, TaKMM 00pa3oM, YMEHBIIEHUIO INIOTHOCTU
3amoJIHeHUs JeKTpoHOB (puc. 1,h). Ha puc. 1 npencrapieHbl 30HHbIE AUarpaMMbl pacCMaTpH-
BaeMbIX AMOAOB OOOMX TUIIOB IOJSIpHOCTHU sl TemnepaTypbl 200 K, mpu ImpeBbIlIeHUU KOTO-
poli, KaK OymeT ImoKa3aHO Aajee, TepMOreHepUpPOBaHHbBIE HOCUTENIM 3apsiia HauuMHAIoT 3P dek-
TUBHO 3KPaHUPOBATh PA3HOCTb MOTCHLIMAIOB MEXIY SMUTTEPAMU CTPYKTYPbI.

Kak MOXHO BHMIETh, B CiIydae BbIOOpa IOUIOXKKHU 71-THUIIA, YPOBHS yiermpoBanus 10" cm
OKa3bIBAeTCsl JOCTATOYHO [JIsI oOecredyeHus: TpeOyemoro ua3rubda 3oH. IIpu 3ToM BhICOTa I1O-
TeHLIMAJIbHOIO Oaphbepa IJIs1 2JIEKTPOHOB B KPEMHHUM OKa3bIBA€TCSl CPAaBHUTEIBHO HEOOBIION U
o0ecrieurBaeT BHICOKYIO TTPOBOAMMOCTD TeTeponHTepderica.

C 11eJIBbIO OIpene/IeHUsT ONITUMAIbHBIX YCIOBUIA paOOTHl paccMaTpUBaeMbIX (POTONETEKTOPHBIX
CTPYKTYpP IIPOBOIMJIOCH MOIEIMPOBAHUE IJISI Pa3IMYHBIX TEMIIEpaTyp CUCTeMBbl. BbUIO BhIsSBIIE-
HO, 4TO JJIs1 00enX KOH(MUTYpaLMii TP KOMHATHOM TeMIIepaType HaOIIogaeTCs 9KpaHUPOBaHKE
aJieKTpryeckoro mnoist B oobeMe HHK 3a cuer coOCTBeHHOI KOHLIEHTpalluM HOCUTEJIEH 3apsiia
(puc. 2,a). C ymMeHblIeHHEM TeMIepaTypbl COOCTBEHHAsI KOHLIEHTpAaLYsl TagaeT, YTo odecnedn-
BaeT yBenuueHue OII3 B HHK, kotopoe Haubosnee 3ameTHO mpu TemmepaTypax Hiuke 200 K.
Takum o06pa3oM, MOXHO OXMOaThb, 4To mis apdekTuBHO padorhl MaccuBa HHK B kauectBe
¢oToarona MOxXKeT IOTPeOOBATLCS TOMOJIHUTEIHLHOE OXJIaXIECHNUE CTPYKTYPHI.

JanbHeAIM 3TarioM MOMAEJIMPOBaHMS ObLI aHAIU3 BOJbTaMIIEPHBIX XapakTepucTtuk (BAX)
paccMaTpUBaeMBbIX TUOMHBIX T€TEPOCTPYKTYp (puc. 2,b) It onpeaesieHHON paHee XapaKTepHOI
temrepatypsl 200 K. YcraHoBiIeHO, UTO BeIMYMHBI OOPAaTHOIO TOKa IPAKTUMYECKU COBIIAIAIOT
IJ11 00erxX KOH(MUrypaluuii ¥ COOTBETCTBYIOT BeIMUMHE TOKa, 00pa30BaHHOTO pa3Ie/ieHUeM HO-
cuTeseil 3apsiga, Bo3HuKarlux B oobeMe HHK 3a cuer mpouecca tepmorenepauuu. [Ipu atom
npsiMoii yyactok BAX meMoOHCTpUpYeT CYLISCTBEHHOE pa3imyre MeXIy ABYMS KOH(MUIypaiu-
SIMM, a MMEHHO — 0oJiee paHHEe OTKPBLITUE AMO0Ia, C(POPMUPOBAHHOIO HA MOJIOXKE KPEMHUS
n-TUa.

AnmnpoxkcuManus mpsiMoro yyactka BAX ¢ momousio popmyinsl oxknu [13] a1 HarpykeH-
HOIO I1OJa MOKa3bIBaeT, YTO JaHHOE OOCTOSITEJILCTBO CBS3aHO C paszinuueM KoaghdUIMeHTa
WUIETBHOCTU [UIS1 ABYX KOH(UTYpALMid: CUCTeMA p—i—n JIEMOHCTPUPYET KOIDOULIMEHT Uealb-
HOCTH, paBHbIii 1,1, B TO BpeMsl KaK B Clly4yae CUCTEMBI #—i—p JAHHOE 3HAYEHUE COCTaBseT 2,1,
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Puc. 2. Pe3yabratbl MoaeaupoBaHus padoThbl (POTOIMOIOB:
a — TIOJIOKEHUS THA 30HbI MIPOBOIUMOCTH JUISI TETePOCTPYKTYPHI p-InAs/i-InAs/n-Si
MpH pa3HbIX TeMIepaTypax; b — BOJbTaMIIEpHbIC XapaKTePUCTUKHU TUOIOB IBYX
tunos npu temrieparype 200 K B sorapudpmuueckom (MoayJib) U JIMHEHHOM MaciuTtabax

YTO MPUBOAUT K POCTY HAMNPSIKEHUS OTKPBLITHS AMOIA. AHAJIM3 TaKOro pe3yibTaTa IO3BOJISET
3aKJIIOYUTh, UTO CUCTeMa p—i—n OoJjiee MPUTOIHA TaM, TAe BaKHO Majoe HampsiKeHUe OTKPbI-
TUS, HAIIPUMED IUISL MCIIOJBb30BAHUS B BHICOKOUACTOTHBIX CMECUTENISIX B KAUECTBE ACTEKTOPHBIX
JTHUOIOB.

CrenyoonmM 3TalioM HCCICAOBAHUIA ObUIO M3y4eHHUE PAOOTHI TETEPOCTPYKTYp B KA4eCTBE
doTtoauonos. s 3TOro IPOBOAMIOCH YMCICHHOE MOACIMPOBAHME 3aBUCHMOCTU IIPOLIECCCOB
pasaeneHust GoToreHeprupoBaHHBIX HocuTenei 3apsaa B HHK ot temmnepatypsl u minHbL 1ud-
(y3uu mig 1ByX KOHOUIypaluii mpy HyJ€BOM HAIPSDKEHUU CMELLICHUS.

PoxneHue 31eKTpOHHO-IBIPOYHBIX Hap MPU ONTUYSCKOM 00JIydeHMU (POTOAKTUBHOM CTPYK-
TYphl ObUIO pealiM30BaHO IyTeM 3amgaHusl (PUKCUPOBAHHOIO OJHOPOJHOIO TeMIIa T'eHEpalllu,
pasHoro 1,4-10" cm3/c, 4TO COOTBETCTBYET IMOIJIOLIEHUIO ITOJYIIPOBOJHUKOBBIM MaTepUaIOM
ONTUYECKOTO U3JIyYEHUsI C [UIMHOM BOJIHBI 1,55 MKM ¥ MHTEHCUBHOCTHIO 1 Br/M2.

B xauecTBe cpaBHMUTEIBHOI XapaKTePUCTUKK ObLIa UCIIOIb30BaHA BEJIMYMHA KBAHTOBOM 3(-
(bekTUBHOCTH 1|, BBIYUC/IsSieMasl KaK OTHOLIEHUE MOTOKA HOCUTENe, KOTOpbIi chopmupoBacs
B CTPYKType, K obuieMy TemIty reHepanuu no oobemy HHK. Ha puc. 3 mpencraBieHbl KapThbl
3aBUCUMOCTUA KBAaHTOBON 3(M@MEKTUBHOCTU 1| OT TEMIEPATYPbI CTPYKTYPbl U JIMHBI Auddy3un
HOCHUTeJIel 3apsiga, OTHECEHHO! K JIMHe akTuBHOI oomactu HHK.

a) : N b) : N
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Puc. 3. KapTbl 3aBUCMMOCTU KBaHTOBOI 3(h(HeKTUBHOCTH Mpoliecca pa3aeyeHus (poToreHeprupoBaHHbIX
HOCHUTEJIEH 3apsima OT TeMmIlepaTypbl M JUIMHBI 1udy3un HOCUTENEeH 3apsiaa, OTHECEHHON K JTMHE
akTuBHOU obnacth HHK, mnsa kondwurypanuit n—i—p (a) u p—i—n (b)

42



4 MaTeMaThyeckoe MoaenMpoBaHme GuUsn4ecknx npoLeccoB

Kak MoxXHO BUIETh, IPU BRICOKUX 3HAYEHUSIX IJIUHBI AU Gy3und HOCUTENIel 3apsiia 10CTUra-
eTCs TIPaKTUYECKU MOJIHOEe pasiaesieHre (hOTOreHepupyeMbIX HOCUTENIEH 3apsiaa 11l 00euX KOH-
¢urypauuii. JlaapHeiilnee CHUXKeHUE IIMHBI IUDOY3UN HOCUTENEH BBISIBISICT pa3inunde MeXIy
KOH(pUrypausiMu. YMeHblIeHUe IMHBI 1uddy3un BILIOTh 10 3HaueHuit Huxke mauHel HHK
MIPUBOIUT K ITOSIBJICHUIO TeMIIEpaTypHOI 3aBUCHMOCTU KBAaHTOBOI 3¢¢eKTuBHOCTU. Tak, ajis
CHUCTEMBI n—i—p OTMeYaeTcs pPocT KBaHTOBOW 3ddekTuBHOCTU OT 0,4 10 0,8 Mpu NOHUXEHUU
temrepatypsl ot 300 o 150 K. B cBoto ouepenp, cucreMa p—i—n OKa3blBaeTcsl 00Jiee YyBCTBU-
TeJIbHOM K YMEHbIIeHUI0 1U(PY3MOHHON MIMHBL: KBaHTOBas 3¢ dexkTuBHOCTh Ipu 300 K Takke
CcoOTBeTCTBYeT 3HaueHuwo 0,4, HO C yMeHbIIEHHMEM TeMIlepaTypbl OHA pacTeT TOJbKO J0 3Ha-
yeHust 0,6. [Tomumo 3TOroO, Aaxe Ajsl BHICOKMX 3HAYeHUN JUIMHBL AUddy3un, p—i—n-cucrema
JIEMOHCTPUPYET MEHBIIIYI0 BEeJIMYMHY KBAaHTOBOU 3((deKTUBHOCTU. [JaHHOE SIBJIEHME CBS3aHO
CKOpee C pa3InuyueM MexXay KOH(pUTypallusIMU: HaJIuuMeM O0OOrallleHHON 3JIeKTpOHAMU 00J1aCcTU
BOJIM3M reTeporHTepdeiica, YTo IPUBOAUT K YCHJIEHHOMY TeMITy peKOMOMHALIMM ABIPOK BOJIU3U
uHTepdeiica U, Kak CISACTBUE, UCKIIOYEHUIO UX U3 001Iero oobemMa (PoToTOKA.

3aKiaouyeHne

B pabGore MeTomamMu YMCICHHOTO MOACIMPOBAHMUS PACCMOTPEHBI PEXMMBI PabOTHI IBYX
KOH(UTYpaALIU TeTEPOCTPYKTYPHOTO (POTOAETEKTOPHOTO AMOAAa HA OCHOBE HUTEBUIHBIX HAHO-
KPUCTAJ/UIOB apceHuaa uHAusI InAs Ha KpeMHUEBBIX IIOIUIOXKaX. B pesyiabrare MmpoBeAeHHO-
ro MOIEJMPOBAaHUSI YCTAHOBJIEHO, UTO NMOAHAsl CTPYKTypa Ha KPEMHMEBOM MOMIOXKE A-TUIIA
JIIEMOHCTPUpPYET MeHbllIee 3HauyeHue Koa(huliMeHTa uaeaJIbHOCTU U €€ MCII0JIb30BaHMue OoJjiee
000CHOBaHO [JIs 3aday, TAe TpeOyrTCs Majble HampsDKeHMsT OTKphITUs auona. McciemoBaHus
paboOTHI CTPYKTYP B pexxume (GOTOAUOAOB ACMOHCTPUPYIOT MPAKTUUECKM MACHTUYHBIC ITOKA3a-
TeIU IJI1 00erX CUCTEM, OJHAKO CHCTeMa C MCIIOJIb30BaHMEM IOMJIOXKM p-TUIIA JaeT OOJIbIINe
3HaYEHUST KBAHTOBOU 3(ppeKkTuBHOCTU. HecMoTpst Ha 3TO, 00¢ KOH(PUTYpAlIMU MOTYT OBITh MC-
IM0JIb30BAHBI [IJIsI TIOCTPOECHUST (DOTOAUOIOB Ha UX OCHOBE, M BIOOP KOHKPETHOI KOH(MUTYpaLIUK1
JIOJKEH OIPEeAesIThCS TEXHOJIOTNUECKMMU TPeOOBAaHUSIMU K IIPOLIECCY CMHTE3a CTPYKTYPHI 100
TpeOOBaHUEM K IMOJISIPHOCTHA CUCTEMHBI.
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KONEBAHUSA NMPU HEJIMUHEMHOM NMAPAMETPUYECKOM
BO3AEWCTBUU U KOMBUHALIUU 3ATA3ObIBAHUM
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Annoramus. B pabote paccMOTpeHBI KOJeOaHWsI MPU HEJIUHEWHOM IMapamMeTpUYecKoM
BO3/ICUCTBUM M KOMOWHAIIMU 3amna3iblBAHUN B YIPYroctu u jaemrdupoBaHuu. Momesbio
SBJISIETCSL CTEPXKEHb C MPYXWUHOW, TPUBOAUMBIA B [BMXEHHUE UCTOYHUKOM 3HEPIUU
OrPaHWYEHHOW MOIIHOCTU. ISl pelneHusi HEeIWHEWHBIX AUdGdepeHINaTbHBIX ypaBHEHUN
NBVDKEHUSI CUCTEMBI MCITOJb30BaH METOJ MPSIMON JiMHeapu3aluu HeJduHeidHocTU. [TomydyeHsl
YpaBHEHUS [JId OMPENeIeHUsI HECTAllMOHAPHBIX M CTAlMOHAPHBIX 3HAYEHU aMIUIATYAbl U
daswl kosebaHmii, ckopocTu McTouyHUKa aHeprun. Ha ocHoBe kputepueB Payca — ['ypsuia
BBIBEJIEHBI YCJIOBUSI YCTOMYMBOCTU CTAllMOHAPHBIX PeKUMOB ABUXeHUs. [IpoBeneHbl pacyeTsl
AMILUIUTYAHO-YaCTOTHBIX XapPAKTEPUCTUK IPU PA3JIMYHBIX 3HAYCHUAX MMAPAMETPOB, JUHEHHON
W HeJWHEWHOW cuiax ynpyrocTd. CoOOTBETCTByOIIWE TrpadUKW HATISIIHO TPEACTABISIOT
COBMECTHOE€ BJMSIHUE pa3IWYHbIX 3HAYEHWI 3ama3nblBaHU Ha aMIUIMTYIHO-YaCTOTHBIE
kpuBble. [loka3zaHo, 4YTO 3ama3ablBaHUS W3MEHSIOT AMIUIMTYIHBbIE KPUBBIE, CYLIECTBEHHO
BJIMSASL HA YCTOMYMBOCTD KOJIEOAHUIA.

KinoueBble ciaoBa: KojebOaHUS, MOAEIb, HEIUMHEHHOCTb, METOA, MNapaMeTpPUYECKoe
BO3IEHCTBUE, 3amna3ablBaHNe, YIIPYTOCTh, JeMII(DUpOBaHNIE
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OSCILLATIONS UNDER A NONLINEAR PARAMETRIC ACTION
AND COMBINATIONS OF DELAYS
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Abstract. The paper considers oscillations under nonlinear parametric action and combina-
tions of delays in elasticity and damping. The model for the study is a rod with a spring, which
is driven by an energy source of limited power. To solve nonlinear differential equations of mo-
tion of the system, the method of direct linearization of nonlinearity has been used. Equations
were obtained for determining the nonstationary and stationary values of the amplitude and
phase of oscillations, the speed of the energy source. Based on the Routh — Hurwitz criteria,
the conditions for the stability of stationary motion modes were derived. To obtain informa-
tion about the combined effect of delays on the dynamics of oscillations, the calculations were
carried out for their various values, linear and nonlinear elastic forces. The graphs constructed
based on the calculation results clearly show the combined effect of various delay values on the
amplitude-frequency curves. The delays measure the amplitude curve, shift it to the right-left,
up-down, and affect the stability of the oscillations.
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BBenenmne

Bce saBiaenus B mpupone (BceneHHOM) UMKIMYHBI, KOJeOaTeIbHOE ABIKEHUE IPOUCXOIUT
BO BceX BUAaX cuCTeM ((pU3MUecKUX, OMOJIOrMYecKuX, TeXHUUeCcKux u T. A.) [1]. Bo30yxneHnue
KOJIcOaHUI MOXKET OBbITh OOYCIOBJICHO pPa3IMYHbIMM IIPUUYMHAMM, B TOM YHCJI€ HaJIAUYMEM 3a-
Mma3ablBaHUsI BO MHOTUX cucTeMax [2, 3 u ap.]. K mosiBieHuo 3ama3ablBaHUsI B MEXaHUYECKUX
cucTeMax MOXKET IPUBECTU YIIPYIOCTh MaTepuajoB M BHYTpeHHee TpeHue B Hux. Kcciemosa-
HUIO CUCTEM C 3amas3fblBAaHUEM MOCBSIIEHO JOCTATOYHO MHOTO padoT [3 — 17 u 1p.], onHako B
HUX HE YYUTBIBAIOTCSI CBOMCTBA MCTOYHMKA SHEPIUHU, MOAASPKUBAIOIIETO0 (DYHKIMOHUPOBAHUE
cucteMbl. B To Xe BpeMsl (pyHKIIMOHUPOBAaHUE peaibHbIX (PU3UYECKMX CHUCTEM MPOUCXOIUT
Osarogapsi HEKOTOPOMY MCTOUYHUKY SHEPIUU, UMEIOIIEMY OTpaHUYEHHYI0 MOILIHOCTh. OIry0m-
KOBaHO HEMHOI'0 pabOoT, B KOTOPBIX 3TO YYUThIBAETCs. Bompockl MOTpeOdIeHUST SHEPTUH, a TAaKXKe
CBSI3aHHBIE C 3TUM IIPOOJIEMbl SKOJIOTUN U U3MEHEHMSI KJIMMaTa B HACTOsI1Iee BpeMsl IIpuoOpeiu
0CO0YI0 aKTyaJIbHOCTb.

W3yyeHue cucteM ¢ 3ama3nblBaHHEM IIPOBOAUTCS B OOJBIIMHCTBE CJIyyaeB Ha OCHOBE HEJIM-
HelHBIX U@ depeHInaIbHbIX YPAaBHEHUN ¢ OTKJIOHSIOIIMMCS apryMeHToM. [1pu peleHnu 3tux
YpPaBHEHUI HCIOJB3YIOTCSI pa3MYHble METOIbl HeIMHeHoW MexaHuku [18 — 20 u ap.|, misg
KOTOPBIX XapaKTepHHI OOJIbIIIME 3aTpaThl Tpyla U BpeMeHU. MeToay e IpsMOil IMHeapu3aluu
(MILT), uznoxenHomy B padortax [21 — 23 u Ap.|, He OPUCYILIM 3TU 3aTpaThl, UYTO U OMNpPEAeIsieT
ero MperuMyIlIeCTBO IIepel M3BECTHBIMU METOJAMHU HeJIMHeHHON MeXaHukKu. Ero cyiiecTBeH-
HBIMM CBOMCTBAMM TaK:Ke SIBJISIFOTCSI IIPOCTOTAa M BO3MOXKHOCTH MOJIYYEHUsSI KOHEUHBIX COOTHO-
LIeHUI HEe3aBHCUMO OT CTEeNEHU HEJIMHENHOCTU, YTO MO3BOJISIET JIETKO €r0 MCIOJb30BaTh IIPpU
MIPOBEACHUN MPAKTUUYECKUX PacueToB.

Kaxk u3BecTHO, BO MHOTUX cucTeMax (MasiTHUK C KOJIeOIOIIelicsl TOUKOil moaBeca, Baj, Kap-
JIlaHHas repemada, 3youarass mepegada, KeJae3HOOOPOXKHBIM MOCT U AP.) BOZHUKAIOT IlapaMeTpu-
yecKMe KojebaHus, KOTOpble MOIYT ObITh OOYCIOBJICHBI BO30YXIEHUEM KaK JIMHEMHOIO, TaK U
HeuHelHoro Buaa. Ilapamerpuyeckue KoaebaHus MpU JMHEHHOM U HEJIMHEHOM (KBaapaTuy-
HOM) BO30YXKIEHUSIX pacCMOTPEHBI B MOHOTpaduu [24].

Llenpto HacTosIIE PaOOTHI SIBJISIETCSl aHAIM3 ITapaMeTPUUECKUX KOJeO0aHUM, YUMThIBAIOLIMNIA
CBOICTBa MCTOYHMKA SHEPTUM, HEJIMHEIHOTO MapaMeTPUYeCKOro BO3ACHCTBUS (KyOMYeCKOro) u
HaJM4yue 3amna3ablBaHUI B YIIPYTOCTU U TPEHUU.

Y[)aBHeHHH CUCTEMbBI U pPCIICHUA

Bo3bMmeM 3a OCHOBY Mofenb U YpaBHEHUS (BBIBEIEHBI HA OCHOBE IIPEIAIIOJIOXEHUS, YTO KO-
JIe0aHMsT CTePKHSI MMEIOT BUI MEepBOil (hDOPpMbI CBOOOMHBIX M3rMOHBIX KOJieOaHUIl), B KOTOPOI
JIMHAMMKA CHUCTEMBI ITOIAEePXKMBACTCs ABUIraTeleM orpaHMYeHHON MoiHocTu (puc. 1) [25]. C
YU4€TOM HEJIMHEMHOCTU IapaMeTpUUEeCKOro BO30YKIEHHUS, a TaKKe 3aIla3AblBaHUI B YIIPYTOCTHU
U TPEHUM UMEEM CJICAYIOIINe YPaBHEHUS IBUKCHMUSI:

j}+B1y+m2y+by3Sin(p:_m_lf(y)_knyn —C Ve
(1)
J§=M(p)-0,5¢,y* cos@—0,5¢, sin2¢ —c, cos ¢,

4 2
e (Dzzﬁ,c=n—E31x _h ,bzc—z, czz—nr'c‘,m—p—l
m 2] P m 2]

© Alifov A. A., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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2
B, :E»Po = foe1, B :n_l;:lx’c} 2017”12»04 = foric.
m /

B ypaBHenusax (1) Benmumuunel o, ¢, m, B, b, c,,
¢,, €, Py, P, ABISIIOTCS TIOCTOSIHHBIMU; C, B — xo-
3(pOULHUEHTBI XKECTKOCTU W COMNPOTUBIEHUS; P —
Macca eIMHULIBI JUIMHBL CTepXHS; EI — XKecTKOCTh
CTEPXKHsS Ha M3rMO B HampaBleHUU OCHM Y; f, —
MepBOHAYAIbHOE TIO/KaTUE TPYXUHBI; f(y) — He-
JIMHEWHAs1 COCTABISIIOIIAsl YIPYrOCTH; ¢ = const,
kn = const, y_ = y(t — 1), y,=y({-m), T = const
U 1 = const — 3amas3nbiBaHus; J — MOMEHT UHEp-
LMY pOTOpa ABUTATeNs, KOTOPBIA BpalllaeT CBS-
3aHHBI C TPYXMHOW KPUBOLIMII panuyca 7,;

M ({) — IBMXYUIMIA MOMEHT JBUTATENS (C YUETOM
CUJI COINPOTUBIIEHUS); ( — CKOPOCTb BpallleHUS
JIBUTATEJIS.

Ha npaxktuke 1LIKMPOKOE pacripoCTpaHEeHUE IOy~
Puc. 1. Moaesb KojiebaTeIbHOM CUCTEMBI:  YMJIO TIPEACTABJIEHUE HEJIMHEWMHOCTU TTIOCPEICTBOM
F, — pamuyC KpUBOILMUIIA, [ — IeOMETPUYECKUIA MoMHOMUANbHONM ¢GyHKUuKU. [lpumem ee miag He-
pasmep; ¢, — KO3(hUIMEHT XeCTKOCTH NIPYKUHBI; JIMHEWHON COCTABJIAIOLIEH CHIIBI YIIPYTOCTH fv) B

(P — CKOPOCTb BpalllCHUA ABUTATCIIA BUIC

F=2 "

roe y = const, s =2, 3, ...
Hcnonszya MILJI [21], 3aMeHUM 3TOT MOJIMHOM JIMHEIHON DYHKUMEH

S = Bf e,y
3necy B 5 € KO3 OULIMEHTHI IMHeapu3alu, OIpenesisieMble BbhIpaxkKeHUSIMU
B, :ZNSySaS, s=2,4,6, ... (s — ueTHOE),
s

(2)
¢, = Zﬁsysas’l, s=3,5,7,.. (s — He4eTHOE),

rae a = max|y[; N = 2r + 1)/2r + 1 + ), ]VS =(2r+3)/(2r+2+s); r — mapamerp TOYHOCTH
JIMHeapu3alliu, MHTEPBaJ BIOOpAa KOTOPOTO HE OrpaHWYeH, HO MOoCTaTouyeH B mpeaenax 0 — 2.
VpaBHenus (1), ¢ yueToM BhIpaxkeHUM (2), IPUMYT BUI

J+By+e’y+by’sing=-m" (B, +c,y)-k y, —c.y., 3)
J$=M(p)-0,5¢,y* cos—0,5¢, sin2¢ —c, cos ¢.

Hnst pemieHust ypaBHeHuit (3) mpumeHum MIIJI u mpouenypy, KOTopble IPEICTaBICHBI B
pabotax [23 u np.].
Hcnonb3ysa ¢pyHKLIUMN

y=acosy, y, =acos(y—prt), y, =—apsin(y—pn), ¢=Q, y=pt+&, p=Q/2,

MOJIYYMM JIS1 HECTALIMOHAPHBIX IBUKEHUI CIEAYIOLINe YPaBHEHMUSI:

da . ba’
+k_cos pn—2c.Q 7" sin pt)+———cos 2§, (4)
(Bl l pn T p ) 4Q &

_a
dt 2
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_a
I
2 02 c 2
Ez do” € +—L +lk sinpn+c—’cospr—bisin2§,
dt 40 mQ 2" Q 20 @
dQ a’
dt
VYenosust a =0, =0, Q=0 nocTaBisoT A CTALIMOHAPHBIX JBMXKEHUI COOTHOIICHUS
4m’A* + D* = dm*b*a*,
tg2f =— D/2mA, (5

M(Q) - S(a) =0,

rne 4 = 2Q(B, + k cospn) — 4c_sinpt, D = m(4w* — Q°) + 4c, + Zka sinpn + 4 mc cosprt,
S(a) = c,a’/8.

Bblpax(eHMe S(a) npencraBisgeT co00i HArpy3Ky Ha MCTOYHUK DHEPTUM CO CTOPOHBI KoJjieba-
TebHON cucTembl. Touku nepeceyeHust KpuBbix M(Q) u S(a) onpenensitoT 3HaYeHUSI CKOPOCTH

Q.
YcaoBusg yCTOMYMBOCTH

CralimoHapHbIe OBUXKEHUSI HEOOXOAMMO MCCIIeAOBaTh Ha yCTOMYMBOCTh. COCTaBUB ypaBHE-
HUS B BapuallUsIX IJISI ypaBHEHU (4) ¥ UCIONb3ys KpuTepuu Payca — ['ypBulia, moiyduM yciio-
BUS YCTOMYMBOCTU CTALIMOHAPHBIX KOJCOAHMIA:

D, >0, D, >0, DD,-D, >0, (6)
rne Dl = _(bll +b22 +b33), Dz = b11b33 +b11b22 +b22b33 _b23b32 _b12b21 _b13b31>
D3 = b11b23b32 +b12b21b33 _bnbzzbss _b12b23b31 b b b32a

1 c,a a . ba’®
b, :7Q, b, =—42—J, b, =0, b,, =~ smpr—wcosZEﬁ

2 3

3bg cos2€, by, z—%sin2§,

1 .
b, = _E(Bl +k, cos pn— 2¢.Q'sin p‘c) +

o ¢ c ba* . 1 dc;  ba

by =025 T 207 =05 T g

—sin 2€,

by =— ba’ cos2<§, Q——M(Q)

prTH3Ha XapaKTepUCTUKU UCTOUHUKA dHeprun O = dM/dSC) mo3BossieT onpeneauTh ee 00-
JIaCTH, B IpeAeiaX KOTOPBIX KOJeOaHUSI YCTOMYMBEI WM HEYCTOMYMBBI.

HpOBe,IleHHbIe pacyeTbl 1 UX OCHOBHBIC PE€3YJIbTAThbI

Pacuetsl nipoBeneHb! AIsl MOJyYeHUST MH(GOPMALMY O BIUSIHUM HEJIMHEHHOIo IapaMeTpuye-
CKOro BO3ACHCTBUS M 3ala3dblBaHUI Ha NMHAMMKY KojebaHuil. HenuHeiiHasi cocTaBisiolias
CWJIBI YIIPYTOCTU ObLIa IIPUHSITA B BUAE

Sf») =7y v,=£02xkrc - cm,
a Ipyrue rnapameTpbl UMENIH CICAYIOLINE 3HAUYEHUS:
o=1c',m=1xrcc>em™, ¢, =0,07 krcem™,

=0,02 krc-ccem™, k. = 0,05 krc-crem!, ¢ = 0,05 krc-em.
n T
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JI1s 3amasablBaHU IPUHATHL CIEAYIOLINE 3HAYEHUS
pn=0,n/2, mn, 3n/2; pt =0, n/2, w, 3n/2.

Koadbdumuent nuHeapuzanumn N3 =3/4, 4TO COOTBETCTBYET MApAMETPy TOYHOCTH JIMHEAPH -
3aum r =1,5.

HMMeeT MecTo COBITaieHHE BCEX pacUeTHBIX pe3yabTaToB 1o MILJI u mmpoko nmpuMeHsieMOMYy
aCUMITOTUYECKOMY MeTony ycpenHeHus: boronwo6oBa — Mutpormnoibckoro [18], Tak Kak 4uciio
3/4 mony4aeTcs IIpU UCIIOJIb30BaHUU O0OOMX METOHOB.

a) b)

a

a

18 15 20 21 22 0

22 Q)

Puc. 2. AMITUTYIHO-4aCTOTHBIE KPUBBIE VIS CITy4ast TMHEHHOM CUJIBI yIIPYTOCTH; ¥, = 0; BApbUPYIOTCS
3HAYeHUs1 mapameTpoB pn U pt. Ha Bcex rpadukax i1 CpaBHEHMUS [aH CJIy4yail OTCYTCTBUS
3ana3ablBAHUN (kn =0, ¢, =0, kpusbie /).
3alTpUXOBaHHBIE CEKTOPBI UISI KPYTM3HBI MCTOYHUKA SHepruu Q (B TOuke A W JIPYTUX) COOTBETCTBYIOT
YCTONUMBBIM KosiebaHusiM. 3HaueHus1 mapameTpos: pn = 0 (a), ©/2 (b),  (c), 3w/2 (d); pt = ©/2 (KpusbIE 2),
T (kpuBble 3), 3m/2 (KpuBbIie 4)

b) )
a a a
A 251 25t
201
15¢
15¢
1.0 L L 0.5 ! ! 1.0 . L L
20 24 28 Q 20 2.4 2.8 Q 2.0 22 24 25 Q

Puc. 3. AMIIMTYIHO-4acCTOTHbIE KpPUBbIE, AHAJIOTMUYHBIE IPEACTABIEHHBIM Ha pUC. 2, HO Mpu
HEJIMHEWHOM cuie ynpyrocty; vy, = 0,2. 3Hayenus napametpos pn: n/2 (a), n (b), 3n/2 (c).
Hymepanums KpuBBIX TaKKe COOTBETCTBYET TaKOBOM Ha pucC. 2
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1.0t

1 L L 1
12 14 1.6 18 Q 1.0 14 18 Q 12 14 1.6 1.8

Puc. 4. AMIUIMTYAHO-4aCTOTHbIE KPUBBIE, aHAJIOTUUHBIE MPEACTaBIEHHBIM
Ha puc. 3, HO v, = — 0,2. 3HaveHust napameTpoB pn: n/2 (a), © (b), 3n/2 (c).
Hymepanums KpuBBIX COOTBETCTBYET TAaKOBOI Ha puc. 2 1 3

Ha puc. 2 — 4 npencrabiieHbl aMIUIMTYIHO-YaCTOTHBIE KpUBBIe @ (L)) IIpU JIMHEHHONW U He-
JIMHEHHON CcMJIaX YIIPYrocTd (BeJIMYMHBI Ha TpacdukKax Hopmaiau3oBaHbl). Ha Bcex rpagukax
MpeACTaBICHbI BAPUAHTBI PA3HBIX 3HAYCHUIT IapaMeTPOB, U CILIOLIHAS KpuBas /, KoTopast IIpu-
BeACHA 11 CPaBHEHMS, COOTBETCTBYET OTCYTCTBUIO 3aIa3ablBAaHUMA (k =0, ¢, = 0). Kpurepuu
(6) BBINOJHAIOTCS B IIpeesiax 3allTPUXOBAHHBIX CEKTOPOB (CM. pUC. 2) TS KDYTI/ISHLI 0 xapak-
TepUCTUKM MCTOYHMKA SHEPTUM, U YCTOMUYMBBIE KOJeOAHUSI MMEIOT MECTO JIMIIb B TOCTATOUYHO
Y3KUX Auana3oHax 4yacToT Ipu

v,=0,k =0, pt=mnupt=3n2.

DTU CEKTOPHI JOJLKHBI OBITh YKa3aHbl HA KPUBOM HArpy3ku S(a), HO IJI1 KpaTKOCTHU IIPUBE-
JIeHbl Ha AMIUTUTYJHO-YaCTOTHBIX KPUBBIX. A B clly4asx y, = + 0,2 HET yCTOWYMBOCTH BO BCEM
JIHAana30He Pe30HAHCHBIX YAaCTOT MPU PACCMOTPEHHBIX 3aIla3AbIBaHUSX.

3akJioyeHue

B pabote paccMoTpeHa nMHAMMKa CTEPXKHSI C MICTOYHMKOM SHEPIrUM OrpaHMYEHHOI MOIIHO-
CTU IIpU HEJIMHEITHOM IMapaMeTPpUIYeCKOM BO3AEMCTBUU M KOMOMHAIIUM 3aIla3dbIBAaHUIA B YIIPYTO-
cti U aeMndupoBaHuu. s moaydyeHrs UHGOPMALMY O BAMSHUM 3alla3AblBaHUII HA JUHAMMU-
Ky CHUCTEMbI IIPOBOIMIMCH pacyeThl IJIs CTallMOHAPHBIX KojieOaHuii. [lomyyeHHbBIe pe3yabTaThbl
HarJISIAHO IIOKA3bIBAalOT COBMECTHOE BIMSHUE Pa3JIMYHBIX 3alla3dblBaHUII Ha aMIUIUTYIHO-
YaCTOTHBIE KpUBbIE. AHAIM3 ITOJYYEHHBIX PE3yJIbTaTOB MO3BOJISIET 3aKJIIOYMTh, YTO 3ara3iblBa-
HUSI OKa3bIBaIOT CYILLIECTBEHHOE BIMSHUE Ha KapTUHY B3aUMOICUCTBUIA:

U3MEHSIIOT aMIUIUTYIHYIO KPUBYIO B aMILUIMTYIHO-YaCTOTHOM IJIOCKOCTH, CMEIlasi €€ BIIPaBO-
BJIEBO, BBEPX-BHM3;

BJIMSIOT Ha YCTOMYMBOCTh KOJI€OAHUIA.

PesynbpTaThl aHaaM3a B3aMMOIEMCTBUS KOJIeOATEIbHBIX CUCTEM C MCTOYHMKAMHU SHEPrUM U
BO3HMKAIOILNE MIPU 3TOM SIBJICHUS IOAPOOHO OmucaHbl B MoHOorpadusx [25, 26] 1 MHOTUX Ipy-
rux paboTax, IMOCBSILIEHHBIX 3TOMY HallpaBIeHUIO B U3YUYECHUU Teopuu KojiebaHuii. [loaTtoMy He
OyaeM Ha HMX OCTaHABJIMBATLCSI U OTMETUM JIMIIb TOT (baKT, YTO Takue ke 3PdeKThl 00HapY-
JKMBAIOTCS MPU HAJIMYUU 3ama3ablBaHUIA.
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AnHoTtanus. B pabote mpenacTaBieHbl pe3yabTaThl MCCAENOBAHUS BIUSIHUS HaMarHU4MBa-
HUS MarHUTHOTO 3KpaHa MajiorabapuTHBIX PYOWAMEBBIX aTOMHBIX YaCOB Ha OTHOCHUTEJIbHYIO
HECTaOMJIBbHOCTb MX YacTOThl. ATOMHBIE Yachl pa3Mellaluch BO BpallalolieMcsi MarHUTHOM
MoJjie, UMUTUPYIOLIIEM MarHUTHYIO OOCTaHOBKY Ha OpOMTE HABUTAllMOHHOTO CITyTHUKA, BO3-
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BOKpPYT cOOCTBeHHOI ocu. [TokazaHO, UTO HaMarHWUYMBaHWE MarHUTHOTO 2KpaHa aTOMHbIX
YacoB YBEJIUYMBAET ero Ko3(hGUIIMEHT IKPaHUPOBAHHUS, YTO TMO3BOJSIET CYIIECTBEHHO CHU-
3UTh BIUSHWE BapvallMii TEOMarHUTHOTO TIOJISI HAa CTaOWMJILHOCTH YacTOTHI aTOMHBIX YacoB
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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.
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BBenenmne

IIpu nBUKEHUM MOABMXKHOIO HOCUTEISI B TCOMAarHUTHOM I10JIe, HallpuMep HaBUTallMOHHOTO
CIIyTHMKA Ha OKOJIO3EMHOI OpOUTe, BEKTOP T€OMAarHUTHOTO I10JISI U3MEHSIET CBOE HallpaBIeHUE
OTHOCHUTEJIBHO ONTUYECKOIl OCH OOPTOBBIX PYOMIMEBLIX aTOMHBIX 4acoB (AY), uTo mopoxkmaeT
UX OPUEHTALIMOHHYIO MOTrPEIIHOCTh, OOYCIOBICHHYIO pa3IuyreM IIPOAOJIbHOIO U IONEPEYHOTO
(aKTOpOB 3KpaHUPOBAHUS MAarHUTHOTO 3KpaHa [1]. BennunHa 3Toi MOrpelIHOCTH ONpenesisieT-
Csl KBaIpaTUYHBIM WIEHOM B 3aBUCHMMOCTH, BBIpAXKarolleil CBI3b MEXIy Pe30HAHCHOM 4acTOTOM
aTOMOB pabouero BelIeCTBa V U HAMPSLKEHHOCThIO pabo4yero MarHUTHOIO I0Jist H BHYTpuU 3Kpa-
Ha. Takag cBsI3b BbIpaxkaeTcs Kak [2]:

v=v,+BH?, (1)

[l V, — 4aCTOTa aTOMHOTO TIepexoa, v, = 6,835-10° I'; B — macurrabHbIil KO3DOUIMEHT, ISt
atromoB pyounusa-87 = 0,0905 Iu-m? A,

W3 Beipaxenust (1) ciaemyer, 4yTo M oOecredeHuss OTHOCUTEIbHOI HECTaOMJIBHOCTU YacTO-
ol AY Ha yposHe 1072 mpu H = 8 A/M 1 paboTe B TeOMarHUTHOM IT0JI€ Ha TIOBEPXHOCTH 3eMJIU
(H, = 40 A/m) xosdduireHT S5KpaHUPOBAHUSI MarHUTHOTO 9KpaHa [yist AY Ha usoromne pyou-
nusi-87 moKeH TpeBblaTh 3HadeHue 10%. OmHaKo, KakK IMOKAa3bIBAET MPSIMOIl SKCIIEPUMEHT,
OIMCaHHKINA B padote [3], mpomoJbHbBIN (HampaBIeHHBINA BIOJIb onTudyeckoi ocu AY) koaddu-
LIMEHT 3KPAaHUPOBAHUS MAarHUTHOTO 9KpaHa pyomaueBblx AY Ha MOpSIAKY MEHbIIIE YKa3aHHOTO
BBIIIIE 3HAYEHUS (3TO OOYCJIOBIEHO HAJIMYMEM IIBOB 1M OTBEPCTUI B 3KpaHax). Tak, Hampumep,
0 JaHHBIM CTaTbu [1], OTHOLIEHME MPOLOJbHOIo Ko3(hdulMeHTa 3KpaHMPOBaHUS K IIOIe-
pedyHOMy Ui MUHHMATIOPHBIX AY 00beMoM MeHee 3 c¢M® mocturaer sHayeHus 10*. Tlpu sTom
a0COJIIOTHBIC 3HAUCHUST 3TUX KO3(P(PUIIMEHTOB OMPeneIsIIoTCsI He TOJIbKO pa3zMepaMu U (popMoit
MArHUTHOI'O 3KpaHa, HO W €ro0 MarHUTHOM MPOHUIIAEMOCTBIO. 3HAYCHME 3TOTO IlapaMeTpa, B
CBOIO O4Yepelb, CYLICCTBEHHO 3aBMCUT OT BHEIIHEr0 MArHUTHOTO IIOJISI, YTO MPEIOIpeAcIseT
M3MEHEHHME SKPaHUPYIOLINX CBOMCTB MAarHUTHOIO SKpaHa MpU €ro HaMarHMYMBaHUMU.

3agaueil HacTOsIIe paboThl SIBJISUIOCH SKCIEPUMEHTATbHOE UCCIeA0BaHNE BIAMSHUS Hamar-
HUYMBAHUS MAarHUTHOIO 9KpaHa BHELIHMM MArHUTHBLIM I1OJIEM Ha KPaTKOBPEMEHHYIO OTHOCH-
TeJIbHYI0 HECTaOMIBLHOCTb YaCTOThl MajlorabapuTHBIX pyOMAMEBBIX aTOMHBIX YaCOB B YCJIOBUSIX
JIEUCTBUS TIEPEMEHHOIO MarHUTHOIO 110151, UMUTHUPYIOLIEIO FeOMarHUTHYI0 0OCTAHOBKY Ha Op-
OMTe HABUTALIMOHHBIX CITyTHUKOB.

MeToauka IKCIIECPUMEHTA U PE3YJAbTAThI HUCCJIeTOBAHMM

DKcInepruMeHTalIbHAsI OLIEHKA CABUTOB 4acTOThl AY ¢ oNTUYeCKOIl HaKauyKoil MapoB pyOuIus
IIPOBOAMJIACH BO BpalllalolLIeMCsl MATHUTHOM I10JI€ Ha YCTAaHOBKE, IIOJO0HO 9KCIIEPUMEHTAIbHOMN
YCTaHOBKE, OJIOK-CXeMa KOTOPOIl M METOAMKa MPOBOAMMEBIX M3MEPEHUI MOAPOOHO OIMMCAaHBI B
paborax [3, 4].

© Ermak S. V., Semenov V. V., Baranov A. A., Rogatin M. A., Sergeeva M. V., 2024. Published by Peter the Great St.
Petersburg Polytechnic University.
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YcraHoBKa comep:kalla MarHUTHYIO CUCTeMY M3 Tpex Iap Kouel I['enbmroiblia, B LIEHTpe
KOTOpPOI pazMelllajuch MajorabaputHbie pyouaueBbie AY (ux JUHEHbIE pa3Mephbl COCTaBIISLIN
75 x 75 x 35 MM), HOIKJIIOYCHHBIC K CXeME PEerucTpalllii YaCcTOTbl. BHYTpY MarHUTHOIrO 3KpaHa
co3IaBaJIoch pabouee MarHUTHOE I10JIe HaIpsDKEHHOCThIO mopsiaka 8 A/M. B miockoctu onTu-
deckoit ocu AY co3naBaioch Bpalllaoleecss MArHUTHOE moJie H , aMIUTUTyia KOTOPOTo BbIOMpa-
Jlach B iMana3oHe 3HAUYeHUI HaAMpPsSXKeHHOCTU TeOMAarHUTHOTO Nosist (eAMHULIBI A/M) Ha opouTe
CIYTHMKA HaBUTAaLMOHHBIX cucTeM. OTHOCUTEIbHbBIE Bapyaluy 4acTOoThl AY M3MepsUInCh ¢ I0-
MOIIIbIO YaCTOTHOI'O KOMIIapaTopa; B KayeCTBE 3TajOHA MCIIOJb30BAJICS CTAallMOHAPHBIM Bapu-
aHT pyounueBblXx AY B mpuOOPHOM HCIOJTHEHMHU, OTHOCHUTEIbHAs HECTaOMJILHOCTh KOTOPOIO
cocrasisuia 107" 3a 100 c¢. [ToMrMMO OTHOCUTENIBHBIX Bapualnii yactoTel AU perucrprpoBaiach
3aBUCUMOCTh JeBHALlMM AJUlaHA OT BpeMEHU U3MEPEHUS T.

Ha nipenBapuTebHOM 3Tamne padOThI ObLIa MOJIy4YeHa 3KCIEPHUMEHTAIbHASL OLIEHKA IIPOI0JIb-
HOTo Koa(dduieHTa 3KpaHUpOBaHUsI MaTHUTHOTO 3kpaHa AY. JIj1s1 3TOro ¢ moMouibo MarHuT-
HOI1 crCTeMBbl Obljla BBIIIOJHEHA KOMIIEHCALMsI BePTUKAIbHONH KOMIIOHEHTHl MAarHUTHOTO IOJIS
3eMiH, cocTaBisonas npuMepHo 36 A/M. OueHKa MpoaoJIbHOTO Ko3(hGUIIMeHTa SKPaHUPOBa-
Hus AY mpoBoawiach B MPUCYTCTBUM OCTaTOYHON T'OPU30HTAIbHON KOMIIOHEHTH MarHUTHOIO
oJIst 3eMJIM MMyTEM U3MEPEeHUI OTHOCUTENIBHBIX CIBUTOB YacTOThl AY Ipu 3HaYE€HUSIX BHEIIIHETO
MarHuTHoro 1oJjst 40 u 56 A/M BIOJIb ONTUYECKOI OCH, a TAaKXKe MPU MOCIeI0BATEILHOM CMEHE
€ro MOJIIPHOCTU. 3amuch HAOII0HACMBIX OTHOCHUTENIBHBIX CABUIOB 4acToThl AY (pasHocTh Av
YacTOT MEXIY 3TaJIOHOM YacTOTHI M ucciaenyeMbiM AY) mpy HaIM4uMy BHEIIHEIO MarHUTHOIO
noJist H npuBeneHa Ha puc. 1.
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Puc. 1. OTHOCUTENbHBIE CABUIM YaCTOTHI AV aTOMHBIX YacCOB MpPU HaJOXKECHUU
BHEIIIHEr0 MarHutHoro nojst H, A/m: —40 (1), +40 (2), —56 (3), +56 (4).
CoortBerctBytomre capura Av, 107" +8 (1), —8 (2), +10 (3), —10 (4)

[TonyyeHHble 3HAYEHUSI OTHOCUTEJIbHOro caBura yactoTel AY (cM. puc. 1) mo3Boamiau oie-
HUTh CPEIHEB3BELICHHBIA KO3(MOUIIMEHT MPOA0IbHOIO 3KPaHMPOBAHMSI, OH COCTAaBWJI 3Haue-
Hue okojo 600. BeiOpaHHBIM UIS MCCIeAOBAaHUIA BapMaHT MajorabapuUTHBIX pyounueBbix AY,
MMEBIINI, KaK MOKa3ajayd M3MEPEHMsI, HeBBICOKUI MPOMOJbHBIM KO3(M(ULUUEHT 3KpaHUPOBa-
HUsI, TTO3BOJIMJI 00Jiee HAVISITHO IIPOAEMOHCTPUPOBATh BIMSIHUE BHEIIHETO HaMarHMYMBAaIOIIETO
MAarHUTHOTO 1oJist H, Ha 5KpaHUPYIOIKe CBOWCTBA MATHUTHOTO 3KPaHa.

Kaxk otMeueHo BhIlIEe, BIMSHUE HANPSLDKEHHOCTU BHEIIIHETO MAarHUTHOTO MOJISI HA DKPaHUPY-
IOl[1i€ CBOMCTBA MarHUTHBIX 3KPaHOB OOYCJIOBJICHO M3MEHEHHEM MAarHMTHOI IPOHUIIaeMOCTHU
ux marepuaia [5]. IloaTomy BeiOOp MaTepuala sl CJIOEB MHOTOCJIOMHBIX MATHUTHBIX 3KPaHOB
(ocobeHHO MaTepuaja BHelIHero caosi) AY moJkeH y4UThIBaThb MAarHUTHYIO OOCTAaHOBKY, B KO-
TOpOI Ipenmnoaraercs ucnoiab3doBanue AY. Tak, HaIPsSLKEHHOCTh MATHUTHOTO I10JISI HA OpOuUTe
HaBUTALIMOHHBIX CIYTHUKOB (BBICOTA COCTaBIsIeT 0KOJIO 20 ThIC. KM) OKa3bIBae€TCsI HA MOPSIIOK
MEHBbIIIE HANPSIKEHHOCTH MarHUTHOTIO IOJISI Ha MOBepXHOCTH 3emutu [6].

[Ipu nBMXeHMU 1O OpOUTE CIIyTHUMKOB HAaBUTAIlMOHHBLIX CUCTEM, M3MEHEHHE OpUEHTALIUU
BEKTOpa F€OMarHUTHOIO II0JISI OTHOCUTEJIbHO ONTUYECKON ocu 0OpTOoBbIX AY IpoMCXOAUT aB-
TOMATUYECKM KaxXIble IOJIIIeproAa BpallleHUs CIIyTHUMKA Ha opOuTe, T. €. B MOMEHTHI, KOIIa
OpUEHTAllMOHHAsI IOrPEIIHOCTh aTOMHBIX YacOB IIPOSIBISACTCS B HauOoJjblieil creneHu. s
pPa3IUYHBIX CITYTHUKOBBIX HABUTALIMOHHBIX CUCTEM IIOJYIEPUOJ BpallleHUSI CIIyTHHUKA JIEKUT B
MHTEpBajie 3HAaYeHUIl OT 5 10 7 4, YTO HEe MCKII0YaeT MHBEPCUIO BEKTOpa F'€OMAarHUTHOIO MOJIS
10 OTHOIIEHUIO K onTudeckKoir ocu AY u B Oojiee KOPOTKHE MPOMEXYTKU BpeMeHU. [1ogmoOHas
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CUTyalllsl BOBHMKACT B YCJIOBHUSIX BpAICHUS CITyTHHMKA OTHOCHUTEJBHO COOCTBEHHOI OCH, 4TO
00ycCJIaBIMBaeT COOTBETCTBYIOIIYIO OPUEHTALIMOHHYIO ITOrPEIIHOCTb 00pTOBBIX AY.

HMmMeHHO Takoli BapuMaHT BpallleHusI ObLI MCCIeAOBaH B 3KcIepuMeHTax ¢ AY B ycinoBusx,
MMUTHUPYIOIIUX MArHUTHYI0O OOCTAHOBKY Ha OpOMTE CIIyTHUKA IMpH (DUKCUPOBAHHON YIIIOBOM
4acTOTE BpalleHUS ]f’ = 0,01 I'n. i3meHeHue mosist, CO3MaBaeMOTO MATHUTHOW CUCTEMOM, OCY-
IIECTBIISUIOCH M0 CUHYCOUIATbHOMY 3aKOHY C aMIUIUTynoit H = 2,5 A/M B IUIOCKOCTH ONITHYE-
ckoil ocu AY. OmpeneneHue CTeNeHU BAUSHUS BpalllaiolIerocsl MarHUTHOTO ITOJISI HAa 4acTOTy
AY ocyuecTBIsIOCh Onarogapsi CBOMCTBY AeBUallMM AJllaHa, OOCTUTAIOIIEH MaKCHMaJIbHOIO
3HAYCHMS 3a BpeMs U3MEpeHUs T, paBHOE ITOJIOBMHE IlepyoAa BpallalolIerocss MarHUTHOTO
moust [1].

B ciyuae oTCyTCTBUSI BHEIIHETO BPAIIAIOIIETOCS MATHUTHOTO 10715t (H | = 0) neBuarus Ajia-
Ha CHMXKAJIaCch IIPSIMO IIPONOPLUOHATBLHO KBaIPaTHOMY KOPHIO BpeMEHM M3MepeHUS (10 3aKOHY
1'2), 4yTO XapakTepHO I pyouaneBbix AY, pasMelIeHHBIX CTALMOHAPHO.

Ha puc. 2 npuBeaeHbl 3aBUCUMOCTY 3HAUCHUM IeBUALIMUA AJUIaHA YACTOThI aTOMHBIX YacOB
OT BpeMeHU u3MepeHus T B nuamazoHe 1 — 100 c. Takoil BpeMeHHOI nuMara3oH ObL1 BHIOpaH
C LIEJIbI0 CHVMXKCHUS BIMSHUS (BJIUKKEPHBIX IIPOILIECCOB HA pe3ysbTaThl U3MepeHUil. B naHHOM
cilyyae JeBMalnsa AjllaHa Ipu BpeMeHu namepenus 50 ¢ cocrasuia 1,6-10712,

1.0E-10

1.9E-11
1.7E-11 7

1.0E-11

5.7E-12

Allam’s deviation, a.u.

2.5E-12

1.6E-12 1

1.0E-12

Measurement time interval, s

Puc. 2. DkcnepruMeHTalIbHbIE 3aBUCUMOCTU 3HAYEHUI NeBUalMU AJljlaHa (CUMBOJIbI) OT BPEMEHU
U3MEPEHMs], IIPU BAPbMPOBAHMU 3HAYCHUI BHELIHETO BPAlLAIOLIETOCS (Hr) Y HaMarHMW4MBaroLIETro
MOCTOSTHHOTO (H | ) MarHUTHBIX T0JIei (B A/Mm):

H = H _= 0 (4epHas kpuBasa); H = 2,5 (Bce ocTajibHble KpuBble); H, = 0 (YepHasd U CUHsSL KPUBBIE),

4,2 (xpacHas kpuBas), 8,5 (3enenas), 12,8 (kopuuHeBast). CM. TakKe TaOIUILY

BBeneHue Bpalllaronierocsl BHEIIHET0 MAarHUTHOTO IMOJIS IMPUBOIUIIO K 3HAYUTEIBHOMY W3-
MEHEHMIO XapaKTepa 3aBUCHMMOCTHU JeBMALMU AJIJIaHAa OT BPEMEHU M3MEPEHUS: NCBHALIUS BO3-
pacrana 10 ypoBHs 1,9-107" mpu © = 50 c. JInsa obecriedeHUs] YUCTOTHI IKCIIEPUMEHTa ObUIA
MPEABAPUTESIBHO CKOMIIEHCUPOBAHBI BCE TPU KOMIIOHEHThI MAarHUTHOTO T0JIs1 3eMiu. B rmepBom
9KCMEPUMEHTE HAKJIAIbIBATIOCh Bpallarolleecs nojie H W OTCYTCTBOBAIO HaMarHUYMBAIKOIIEE
MOCTOSIHHOE MarHUTHOE Tiojie /1, , OpUeHTUPOBaHHOE BIOJb onTudeckoi ocu AY (cm. puc. 2,
CUMBOJIBI-KPECTUKM U COCIUHSIOIINE JTUHUKM CUHErO LIBETA).

Ha puc. 2 nmpuBeneHbI TaKKe Pe3ylbTaThl MOCICAYIOIINX SKCICPUMEHTOB: 3aBUCUMOCTHU J¢-
BUAIMU AJIaHa 4acTOThl AY OT BpeMEHU M3MEPEHMUs TIPU HAJTMYUK JIBYX MATHUTHBIX mosiei: H
u H,_1ipu 3HaueHusX nociennero 4,2, 8,5 u 12,8 A/M, OTMeYeHHBIC Pa3HBIMU CUMBOJIAMU U JI-
HUSMU pa3Horo 1sera. [Ipy 5ToM 3HaueHUE AeBUALMM AJUIaHa IJIS BpeMeHU ycpeaHeHus 50 ¢
cocraBuio coorBercTBeHHO (107'%): 17,0, 5,7 u 2,5. HeKOTOpHIil MOABEM BETMYMHBI I€BAALINI
AnnaHa nipu BpeMeHU uaMmepeHus: 20 ¢ o0ycIoBIeH 0COOeHHOCTIMU paboThl TepMocTaTa AY.
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Tabnuna

3aBucuUMOCTH 3HAYEHHS JAEBHANUU AJIAHA OT MHTEPBAJIa BpeMeHU
u3MepeHns T npu (GUKCHPOBAHHON aMILIUTY/IE BPAMIAIOUIETOCS BHEIIHEro
MATHUTHOTO MOJISl U PA3HBIX 3HAYEHUSX NMOCTOSIHHOTO MATHUTHOTO TOJIS
HamaranuuBanus H _(cm. puc. 2)

Hesnauma Annana, 1072, npu 3Hadenun H, (B A/m)

ne 0,0 42 8,5 12,8
6,0 5,9 6,1 6,8

4,3 4,5 4,8 5,0

5 3,4 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

IMpumMeuyaHue. AMIUIUTY/IA BPAILAIOIIETOCsS BHEIHEr0 MAarHUTHOTO
nonsa H = 2,5 A/m.

B Tabnuue mist cpaBHEHUS pe3yJbTaTOB MPUBEACHBI ITOJYyYeHHbIC 3HAUCHMS NeBUaly AJlja-
Ha IIJIs 3aBUCUMOCTEM, IIPeACTaBIeHHbBIX Ha pucC. 2.

Kaxk ciaemyer u3 npuBeaeHHBIX SKCIIEPUMEHTAIbHbBIX JaHHBIX, MCIOJIb30BaHEe HaMarHM4Y1Ba-
HUSI MAarHUTHOTO 3KpaHa IT03BOJISIET CYLIECTBEHHO MOBLICUTH KO3(P(PUIIMEHT MarHUTHOIO 3Kpa-
HupoBaHusa AY, mpuyeM IoJaBlIeHUE MAaTHUTHBIX Bapualldil MPOSIBISIETCS B OOJbllIell CTeleHU
[PY CHVDKEHUU HAIPSDKEHHOCTH TEPEMEHHOTO MarHUTHOTO T10Jist [ , IMUTHPYIOIIETO MarHuT-
HYI0 OOCTaHOBKY Ha OpOMTe HaBUTallMOHHOTO cmyTHHKA. CoriacHO IaHHBIM TaOJIUIIbI, B Ha-
MarHUYeHHOM 3KpaHe MajioradapuTHbIX pyouaueBbix AY npu BpemeHu ycpeaHenus 50 ¢ u npu
H =125 A/M ynanoch npumMepHo B 8 pa3 MOAABUTH BApUALIMK BHELIHETO MATHUTHOTO MOJIS.

[Ipu opueHTalMM 10Js1 HAMarHWYMBaHUS TIePIEHANKYJISIPHO onTudeckoi ocu AY, mopsimok
3HAUEeHMI AeBUALlMM AJllaHa YU JUHAMUKA UX M3MEHEHUsI C POCTOM BPEMEHU YCPEOHEHMST aHa-
JIOTUYHBI CJIydalo MPOJOJIbHON OpHeHTAllMM HaMarHU4YMBAIOIIETroO ITOJIS.

[IpumeyaTenbHON OCOOEHHOCTBHIO 3aBHCHMMOCTHU ASBHALIMKM AJUlaHA OT HAMNpPSDKEHHOCTH Ha-
MarHUYMBAIOLIETO NOJist H | ABIISIETCS €€ CXOICTBO C HaYaJlbHBIM yYaCTKOM KPHUBOM, BbIpaXaio-
el 3aBUCMMOCTb MarHUTHOM MPOHULAEMOCTU L (DEPPOMATHUTHOrO Marepuaia (ImepMasuios)
MAarHUTHOTO 9KpaHa OT BeJu4uHbl H, [5]. IHTepecHO, YTO HANPSIKEHHOCTh MATHUTHOTO MOJISt
H, = 12,8 A/M, npu KOTOPO# yIaercsi IPUMEPHO B 8 pa3 yBEIUYUTh CTaOUIbHOCTH AY, cooT-
BETCTBYET O0JIACTU, TA€ MATHUTHASI IPOHULIAEMOCTD [l CYLLIECTBEHHO (Ha MOPSAKKU) BbILIE CBOETO
HAYaJIbHOTO 3HAYEHUsI, COOTBETCTBYIOLIETO HYJIEBOMY MarHUTHOMY MOJIO H .

3akioyenue

AHau3 pe3yabTaToB, MOJYYSHHBIX IIPU 3KCIIEPUMEHTAaIbHOM UCCAEeA0BaHUM, TTIO3BOJISIET Cle-
JIaTh CJIEAYIOLINE BBHIBOIBL:

1. KoaddpuumneHT 3KpaHMPOBaHUSI MarHUTHOTO 3KpaHa CYILIECTBEHHO 3aBUCUT OT BEJIMUYMHBI
BHEIIIHET0 MarHUTHOTIO MOJIsI, B KOTOPOM pacmojioXeHbl MajoradaputHeie pyounuesbie AY. [1pu
5TOM IIOJIy4YeHHOE 3HaueHue Kod(UILMeHTa MpOoa0IbHOTO dKPpaHUPOBAHUSI BO3POCIIO IIpUMEp-
HO B 8 pa3 WISl HampsoKeHHOCTM HaMarHuuyMBaroliero noist 12,8 A/M 1 aMIUIMTYAE BHEIIHETO
BpalllalOIIErocss MATHUTHOTO IT0JIS 2,5 A/M, COOTBETCTBYIOLLETO 3HAUCHUIO TE€OMarHUTHOIO MOJIS
Ha OpOUTE HABUTALMOHHOIO CITyTHUKA.

2. Dddekr yBenmueHus KodhdulMeHTa 3KpaHMPOBAHUSI MarHUTHOIO 3KpaHa MpaKTU4Ye-
CKM HE 3aBUCHUT OT HAIpPABJICHUs MPUJIOKEHHOTO MOCTOSHHOTO HAMArHUYMBAOLIETO mojist H
(oTHOCHUTENIbHO onTUYecKoil ocu AY), UTO CBUAETENLCTBYET 00 M30TPOIIHOM XapaKTepe BIIMSI-
HUSI 3TOrO I10JISI Ha CTaOMJIBHOCTD U3MEPSIeMOI YaCTOTHI.
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3. IIpeBbllIcHUE TOPOTOBOrO 3HAYCHMST HAIIPSLDKEHHOCTH BHELIHETO MAarHUTHOTO IO (eau-
HULBI — AECATKU A/M), COOTBETCTBYIOILLIETO MAKCUMAaJIbHOMY 3HAYCHUIO MAarHUTHOM IPOHMIIA-
€MOCTHM MaTepuaja MarHUTHOTO 3KpaHa, MOXET IPUBECTU K IMaJeHUI0 (paKTopa ero 3KpaHUpO-
BaHWUS, a, CJACAOBATE/ILHO, U K YXYAIICHUIO CTAOMILHOCTU 4acToThl AY.

OIbBIT IPOBEACHHBIX IKCIIEPUMEHTOB C IMPOMBbILIJICHHBIMA MaJIOrabapUTHLIMU PyOUIMEBBIMU
AY moxeT ObITh BOCTpeOOBaH Mpu pa3padoTke pyouaueBbix AU MallbIX CIyTHUKOB [7], a Takke
LIKUPOKOro kjiaacca AY, rae ucnoib3yercss MarHUTHOE SKPaHUPOBAHUE OT BHEIIHETO MAarHUTHOTO
noJist. K uncimy nomoOHBIX YyCTPOMCTB OTHOCSTCSI MajlorabapuTHBIC BONOPOIHBIE Ma3epshl [8], Mu-
HuatiopHbeie AY Ha addekTe KOorepeHTHOTO IJIEHEHUsI HaceJIeHHOCTe! [9], a Tak:ke KBaHTOBBIE
CTaHJIAPThI YaCTOTHI Ha Imyyke atomoB [10].

IIporHo3upoBaHue ONTUMAJIBHOTO 3HAYEHUS HANPSKEHHOCTY MOJISI HAMAarHUYMBAaHUS B 9TUX
YCTPOMCTBAX MPEACTABISICT JOBOJBHO CIIOXKHYIO 3a[1a4y, B CBSI3U C HEOOXOAMMOCTbBIO YUeTa LIe/I0-
ro psiga gakTopoB (tun AY, pabodyee MarHUTHOeE 1oJje, MaTepuas, ¢popMa U pa3Mephbl SKpaHa).

CnenoBaTejbHO, IMOA00P HAMPSKEHHOCTU MOCTOSIHHOIO MAarHUTHOTO I1OJIsI HAMAarHUYMBaHUS
H, 1y Kax1oro KOHKPETHOTO Cilydas LeIeco00pasHoO MPOBOAUTH SMITMPUYECKUM IMYTEM, KaK
9TO OBLIO CIEIaHO U IPOAEMOHCTPUPOBAHO B HACTOSIIEH paboTe.
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Abstract. The article presents the results of studies of the characteristics of electron flows
generated by an electron-optical system with a multi-tip field emitter. Information has been
obtained on important beam parameters: the beam current, electron velocity spectrum, pitch
factor. The spread in transverse velocity did not exceed 50 % in the studied modes. The shape
of the spectra did not depend on the magnitude of the magnetic field and did only weakly on
the current in the beam.
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BBenenmne

OnHO M3 MPaKTUYECKM 3HAUMMBbIX HallpaBiIeHUI pa3BuTusl coBpeMeHHo CBY-anexTpoHM-
KM CBSI3aHO C CO3JaHMEM M COBEPIICHCTBOBAHMEM CyOTepareplLOBBIX 3JIEKTPOHHO-ITYYKOBBIX
UCTOYHMKOB U3JIy4YeHHus (CM., Hampumep, ctatbu [1 — 3]). ABTOpamMu HacTOsIIElH pabOThI UC-
CJIEAYIOTCSI BO3MOXKHOCTU MCIOJIb30BaHUS IMOJIEBBIX SGMUTTEPOB ISl (POPMUPOBAHUS SJIEKTPOH-
HBIX TIOTOKOB, KOJBLIEBBIX B CEUEHUU, HEOOXOIMMBIX JJIS1 MUHUATIOPHBIX, HO BBICOKOBOJIBTHBIX
YCTPOMCTB 3TOr0 Auana3oHa yacToT. I[loneBble aMUTTEpHI, pa3pabaTbiBaeMble B HACTOSIIEE Bpe-
M [4 — 9], uMeIOT ouYeBUIHbBIE TIPEUMMYIIIECTBA Mepea TepMOKaTOIaMU, TaK KaK He TPeOyIOT Ha-
Kajla ¥ 00eCleyrBaloT MPaKTUIYeCKU Oe3bIHEPLIMOHHOE BKJIIOUCHUE U BHIKIIOUEHHE MCTOYHUKA
3JIEKTPOHOB.

OpHako pa3paboTKa 3JIeKTpOHHO-onTudeckux cucteM (D0OC) ¢ moseBbIMU SMUTTEPAMU 3a-
TpyOHEHa, BBUAY HemoCTaTKa MH@OpMaUM O XapaKTePUCTUKAX 3JIEKTPOHHBIX ITOTOKOB, KO-
Topble OHU (popMUpYIOT. PaHee aBTOpaMM IIPOBOAMIOCH 3KCIEPHUMEHTAIbHOE MCCIEI0BaHUE
IIPOCTPAHCTBEHHO-BPEMEHHBIX M CKOPOCTHBIX XapaKTEPUCTUK 3JIEKTPOHHBIX MOTOKOB B HOC
C IOJIEBBIMM 3MUTTEpPaMM, MMEIOLIMX KOH(MUIYpaLUIO 3JEKTPOIOB, TUIIMYHYIO IJISI YCTPOICTB
ruporpoHHoro tuma [10]. OnHako u3MepeHus: ObLIM BBIIOJIHEHBI JIMIIb IIPU MaJIbIX MarHUTHBIX
nmoJisix, He npesbiarommx 0,1 To.

B HacTos11e#t paboTe MccienoBaHbl XapaKTePUCTUKU 3JIEKTPOHHBIX IIOTOKOB, CO3aBacMbIX B
B0OC ¢ MHOrOOCTPUMHBIMU TOJEBBIMUA 3MUTTEPAMU B CYILIECTBEHHO OOJIbIINX MAarHUTHBIX IO-
JIsIX (OpUEHTUPOBOYHO A0 2,5 Ti), THIUYHBIX IJI1 TUPOTPOHHBIX YCTPOMCTB CyOTEparepLioBoro
JIAaTa30Ha.

Metonuka u3MepeHuii ¥ anmaparypa

st u3MepeHusl XapaKTepUCTUK 3JIeKTPOHHBIX ITIOTOKOB HcIojb3oBasack DOC, cxemaTuue-
CKoe M300paXkeHNe ceUeHUsT KOTOPO# MmokKa3aHo Ha puc. 1.

1 2 3 4 5 6 7 8

A N
L

Puc. 1. Cxemarnueckoe uzobpaxxeHue 3JIeKTPOHHO-oNThuYecKoi cucrembl (DOC)
C aHaJIM3aTOPOM TOPMO3SIIIETO IMOJIsT (YCTAHOBJICH B LICHTPE COJICHOMIA):
1 — xaromHast cuctema; 2 — YIpaBJISIOLINIM 3JIEKTPO ¢ KOJbIeBOI nuadparmoii; 3 — KaHala TPaHCIIOPTUPOBKH
9JIEKTPOHHOTO TyuKa (e); 4 — coJeHOu; 5, 7 — dKpaHUPYIOIIMe CETKU; 6 — TOPMO3SIIasl CETKa;
& — KOJIJIEKTOp 2JIeKTPOHOB

© Taradaev E. P., Sominskii G. G., Taradaev S. P., 2024. Published by Peter the Great St. Petersburg Polytechnic
University.
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Pasmepnl ocHOBHBIX AeTaneir DOC u aHanau3aTopa IMpUBEIeHHI B Tabauie. JjIsi KoMIIpeccuu
U yAepXaHus 3JeKTPOHHOIO IOTOKA C IMMOMOILIBIO COJIeHOMIA (DOPMUPOBATIUCH UMITYJILCHI Mar-
HUTHOTIO MOJIST AIUTebHOCThIO 10 Mc. 17151 oOecrieueHUs MOJIeBOM SMUCCUM Ha KaTO ITOAaBaJICs
HUMITYJIbC OTPULIATEIBHOTO (OTHOCUTEIBbHO 3a3€MJICHHOIO YIIPAB/ISIIOLIErO 3JEKTPOoaa) Hampsi-
xkeHust U ammumutynoi go 15 kB. JauTenbHOCT UMITYJIbCOB BapbupoBanach oT 10 go 100 Mxc.

Tabnuua
OcHOBHbBIE TeOMETPUYECKHE MapaMeTpbl
3JIEKTPOHHO-ONTUYECKO# cucTembl (cM. puc. 1)
DJIeMEHT 2JIeKTPOHHO- Pazmep,
" ITapameTtp

OTNTUYECKON CUCTEMBbI MM
PaccTosHre MexXmy yIpaBIIsSIOIIM 2.00
2JIEKTPOAOM 2 M KaTtoaoM [/ ’
IMupunHa nuadparmel B yrpapisionieM .00
sJiekTponae 2 ’

Karognast cuctema [/ "
CpeaHuil 1MaMeTp IMOJEBOTO ASMUTTEpa 14,0
IIupuHa moseBoro aMuTTEpa 0,65
BricoTa ocTpwuii TT0€BOTO SMUATTEPA 0.03
1 PacCTOSTHUE MEXIy HUMU ’
JnameTrp OOMOTKU:

BHELLHUMI 42
ConeHoun 4
BHYTPEHHUI 30
JnuHa coneHouna 4 200
AnanuzaTop ckopocteil | PaccrosiHue mexay akpaHupytolieit (5) u 2
3JIEKTPOHOB TopMoO3sIIeit (6) ceTKaMu

[MpuKanpIBaOCh MArHUTHOE TIOJIE, BO3pACTAOllee OT MUHUMAIbHOTO B Ha Karoje 10 MaK-
CUMaJIbHOTO B B LIeHTpe cojieHouaa. MakcuMaibHOe 3HaYCHUEe WHIYKIMM MATHUTHOTO MOJIS
B BapbupoBanacs ot 0,1 o 2,5 Ti. KoadduineHT nepemarHnuuBaHus k= B /B_MOXHO ObUIO
peryadpoBaTh IIyTeM IIepeMelleHMsI COJeHOMIA BOOJb OCU. DKCIEPUMEHTAIbHO WM3MEPSUINCH
TOK / 3JIGKTPOHOB B My4YKe U IPOIJOJIbHASI COCTABIISIIONIASI CKOPOCTU 3JIEKTPOHOB V” (HampaBiieHa
BIIOJIb CUJIOBBIX JUHUI MAarHUTHOTO IOJISI); TOIMA KakK ITOMepevyHasl COCTaBIIsSIIoIIasi CKOpOCTu V|
(HampaBieHa NEPIEHIUKYISIPHO CUJIOBBIM JIMHUSIM) pacCUMUThIBAjJaCh MO paHee pa3pabOTaHHOM
Mmetoauke [10].

CKOpOCTHU 2JIEKTPOHOB OMNpPEAC/ISIA METOAOM 3aAepP>KMBAIOIIETO ITOJISI ¢ IIOMOIIbIO aHaIM3a-
Topa (cM. puc. 1 u Tabmuiy). AHaAIU3aTOp MOMEIIAICS B 00JIaCTM MAarHUTHOTO I10JIsI, OAHOPOI-
HOTO BIOJIb OCH, BOJIM3U LIEHTPAJbHOI IUIOCKOCTU CE€YeHUs colieHouaa. M3mepsuiuch KpUBbIS
3alepKKU (3aBUCUMOCTU TOKa [/ 3JIEKTPOHOB, IPOLICAIIMX HAa KOJUIEKTOp & aHaiM3aTtopa, OT
BEJIMUMHEI 3a/Iep>KMBAIOIIET0, OTPULIATEIbHOIO (OTHOCUTEIBHO 3eMJIM) HampsikeHus U, mpu-
KJ1ampIBaeMoro Ha ceTKy 6. [10CKOJIbKY 3JIEKTPOHBI, 00JIafalole CKOPOCThIO V” < (2eU: /me)”z,
HE TMOMAIaloT Ha KOJUIEKTOP &, MojyuyeHHas Kpusas 3anepxku [(U) nmepectpauBanach B KOOpP-
nuHatax I( VH)'

CrexTp MpoIOJbHBIX CKOPOCTEH 3JEKTPOHOB VH nonydyanu auggepeHIupoBaHUEM KPUBOM
I( VH)' CriekTp MmornepeyHbix CKOpocTeit V| ompenesisiyin ¢ yyeToM UHMOpMAIK O MOTHOM SHep-
run eU 3J1eKTPOHOB B ITyYKe U MOJIYYSCHHBIX JaHHBIX O pacIpeicIeHUU CKOPOCTel 2JIEKTPOHOB
B IIPOIOJbHOM HallpaBJICHUM.

[lepen nmpoBeneHreM U3MEPEHUI KaTod TPEHUPOBAJIM C 0TOOpoM TokKa a0 20 — 25 MA B Te-
YeHHe BpeMEHU IIPOAOJLKUTEILHOCTBIO 10 AeCATH YyacoB. [1pu aToM cTtabuan3upoBaiach padbora
cUCTeMbl (hOPMHUPOBAHMS DJICKTPOHHOTO MOTOKA.
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Pe3yibTaThl U3MepeHuil U X 00CYKIEeHHEe

Bo BceM ucciegoBaHHOM IMara3oHe 3HAYEHUII TOKOB IyYKa MCTOYHHMK 3JIEKTPOHOB CTa-
OUIbHO paboTajl B YCAOBUSIX TEXHUUYECKOTO BaKyyma (JaBJeHHE COCTaBIsUIO IIPUMEPHO
107 Topp). IMocie poBeneHUsI TPEHUPOBKY M3MEHEHNE TOKA B ITyYKE B €AMHUYHOM MMIITYJIHCE
He npesbiuano 1 %.

a) b)

], mA U, kV

20+ 5
154 -10 . T .
0 50 100 £, us

¢)

104 1, mA

-104

54

20
0 T T T 1 '30 T T 1
4 6 8 UkV 0 50 100 t, us

Puc. 2. Pesynabrathl udaMepeHuit xapakrepuctuk 30C: a — BojbTaMIepHasl XapakKTepUCTUKA;
b, ¢ — ocuuaIOrpaMMbl HaMPSDKEHUST Ha KAaToJe M TOKa KOJIJIEKTOpa aHalu3aTopa, COOTBETCTBEHHO

Ha puc. 2 nmoka3aHbl BoJIbTaMIIEpHAsl XapaKTepucTuKa ucciaemoBaHHoit DOC, a Takxke oc-
LIMJUIOTpaMMbl MMIIYJIbCOB HaNpPsDKEHMsI M TOKa B3JIGKTPOHOB Ha KOJUIEKTOp aHajau3atopa. B
ucciaenoBaHHbIX pexkumax DOC Mo3Bossia MoJaydyaTh TOKU B IMyuke cBhile 20 MA.

OCHOBHBIE pe3yJIbTaThl UCCIIEAOBAHUS CIIEKTPOB CKOPOCTU 3JIEKTPOHOB B UX IIOTOKE, cop-
MUPOBAHHOM 3JICKTPOHHOM ITYIIKON ¢ MHOTOOCTPUIMHBIM I1OJIEBBIM SMUTTEPOM, MJLTIOCTPUPYIOT
puc. 3 u 4. Ha puc. 3 npuBeneHbl 3KCHOEpUMEHTaIbHO MU3MEPEHHBIE CIIEKTPbl MPOIOJIbHONH U
MOIIePEeYHO CKOPOCTEl B 3JIEKTPOHHOM IIOTOKE IIPY pa3HbIX 3HAYEHUSIX TOKa B Iyuyke. Ha puc.
4 mokaszaHa TpaHc(OpMaIs CIIEKTPOB MPU U3MEHEHUN Kod(PdUIlMeHTa IepeMarHuuuBaHus 1
BEJIMYMHBL B MaKCUMaJTbHOTO MarHUTHOTO TIOJIist IPU (PUKCUPOBAHHOM TOKE B ITy4YKe.

a) b)
di/dv ., a.u. dl/dv,, a.u| 1= 22 mA
1.0 1
1.0 12.5
0.5 0.5 Y
1.8
1 0.0 — ; .
0.0 3x107 4x107 5x107 v, m/s

Puc. 3. Cnextpbl monepeuHoit (a) ¥ MpoAoabHOM (h) CKOPOCTEil 2JIEKTPOHOB B 2JIEKTPOHHOM ITyUKe
B DOC mpu ero pasHbIX TOKaX; MAKCMMalIbHOE 3HAYEHNE MHIYKLUMN MarHutTHoro monst B = 2,5 Ti,
KOo3(pDULIMEeHT mepeMarHnyuBanus k = 13
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| _a
a) b)
dardv , a.u. dl/dv,, a.u. k=13
k=13
20
20
1.0 1.0 28
28
0.5 0.5
0.0
0.0 - > -
3%107 v, m/s 3x10 4x10 5%10 V,,mis
)
dl/dv , a.u.

0.4

0.0

3%10’ v, m/s

Puc. 4. Crnexrpbl monepeuHoit (a, ¢) 1 IPOAOJIbHOI (b) CKOPOCTEit 371eKTPOHOB
B 2JieKTpoHHOM nyuke B DOC 1pu pa3HbIX 3HAUEHUSIX KoadduiimeHTa
rnepeMarHnIuBaHus k (a, b) 1 MAaKCUMaJIbHOTO MAarHUTHOTO TTOJIS B ().
Toxk B anmexTpoHHOM TIyuke [ = 22 MA

[t Bcero 3J1eKTPOHHOIO MOTOKAa B LIEJIOM, CPEeIHEKBAAPATUYHBINA pPa3dpoC 2JIEKTPOHOB II0
MOIMepPeYyHoil ckopocTu gocturan npumepHo 50%. [ToaydeHHBIC JaHHBIE CBUAETEILCTBYIOT, YTO
¢dopMa pacrpeneaeHus MOIMEPEUYHbIX CKOPOCTE MpaKTUYeCKU HEM3MEHHA IIPU BapbMPOBaHUU
TOKa Mmyyka B mMpokux mnpeaenax (ot 0,1 go 25 MA). IIpu 3ToM ycpeaTHEHHBIN 110 BCEMY 2JIEK-
TPOHHOMY ITOTOKY HUTY-(hakTop Bo3poc ¢ 0,26 mo 0,30 ¢ yBeaIuueHUEM TOKA.

HM3MeHeHMe MarHMTHOIO IIOJISI Ha Karode Ipu (UKCUPOBAHHOM Ko3(dduiimeHTe mnepe-
MarHUYMBaHMS TIPAKTUUYECKM HE BIMSIET Ha pa30poC 3JEKTPOHOB MO CKOPOCTHU. YBEIUUYEHUE
Koa(duliMeHTa nepeMarnuunBanus ¢ 13 1o 28 mpu Heu3MeHHBIX HanpskeHuu U 1 MarHUTHOM
noje B BeneT K CHUXCHHUIO TOKa B myuke. [Ipu sToM ycpenHeHHBIH mUTY-(PakTOp 3aMETHO
yBeauunBaetcs ¢ 0,24 mo 0,38.

3akiouenue

OTMeTUM IJIaBHBIE Pe3yabTaThl paboThl. HamMu mosyyeHbl JaHHBIE O 3HAYCHUSAX TOKOB, a
TaKXKe CIIEKTPhl CKOPOCTEIl 3JEKTPOHOB, KOTOPhie MMeT MecTo B DOC ¢ MHOTOOCTPUIHBIM
MOJIEBBIM OMUTTEPOM. DTU Pe3yabTaThl, Ha HAlll B3IJIsI, COBEPLICHHO HEOOXOAMMbI pa3padboT-
yukaM cyoteparepoBeix CBY-npubopos.

B nanbHelileM MIaHUPYIOTCS UCCISAOBAHMS XapaKTEPUCTUK IOTOKOB B 3JICKTPOHHO-OITH-
YEeCKUX CUCTeMax ¢ MHOIOOCTPUMHBIMUA U MHOTOCJTOMHBIMU 3MUTTepaMu [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]

09 20 non-RX

Fraction, %

GAM in degree

o
by
Fraction, %

i .
0.1 10 20 30 40 5 60 70
Misorientation angle, degs

Fig. 1. Inverse pole figure (IPF) (a) and grain average misorientation (GAM) (b) maps of the same
region of specimen 111 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
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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‘lbuthIlS 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 comblnatlons 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 Gmin = 4° is chosen.

0.5

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(6/60 ).

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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AnHoTtanus. B HacTosiiee BpeMst akTyaabHbI McciaenoBaHus aBomonnu cuctemM CRISPR-Cas
U X BO3MOXHOTO TIPOUCXOXKIEHUSI OT MOOWJIbHBIX T€HETUUECKMX DJIEMEHTOB TPAHCIIO30HOB.
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Abstract. The evolution of CRISPR-Cas systems and their possible origin from mobile
genetic elements of transposons are currently being actively studied. Recently, unique systems
have been discovered in a new group of Asgardarchaea that presumably function as transposons
and contain Casl-like proteins. In this study, the genetic and biochemical technologies were
used, along with electrophoresis, affinity chromatography, and high-resolution mass spec-
trometry, to obtain and partially characterize a recombinant version of one of these proteins,
Casl_3. In particular, it was shown to have the ATPase activity, the quantitative value of the
latter being determined by the spectrophotometric method. The results obtained may be useful
in understanding the mechanisms of functioning the potential ancestor of CRISPR-Cas sys-
tems.
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BBenenne

CRISPR-Cas — 310 cnemudpuueckne cuUCTeMbl OaKTepMii M apxeil, 3aluIamllnnue X OT
Yy>KOro BPeAOHOCHOIO TeHETUUYECKOIro MaTepuana (3TO MOTYT OBITh BUPYChI, MOOMJIbHbIE T€HE-
TUYECKHE 3JEMEHTHI U T. II.). beaku Takoil cUCTeMBl B KOMILJIEKCE CO CIlelUalbHBIMU PpUOO-
HykJIenHoBbIMU KuciaoTamu (PHK) HampaBiieHHO y3HAIOT 4y:KE€pPOAHBIC 3JIEMEHThl X BHOCST B
HUX pa3phIBbl, IPUBOAS K Iociaenymooueil nerpagauuu. B coctaB cuctembr CRISPR-Cas Bxonut
CRISPR-xaccera u rensi, Konupytoiue oeiaku Cas [1]. CRISPR-kaccera — 310 00J1aCTh TeHO-
Ma, YCTpOeHHasI 0COOBIM 00pa3oM: B Hell KOPOTKME MaJMHAPOMHBIE TIOBTOPHI Pa3ieIsiloTCs He-
OOJIBIIMMU YHUKAJIBHBIMU MOCJIEIOBAaTEIbHOCTIMU — crelicepaMu. [lociaemHue mpeacTaBisiioT
o001 (pparMeHTHI UyKEepPOJHOI0 T€HETUUYECKOro MaTepuajia, KOTOpble ObLIM COXpaHEHHI B Ie-
HOME MMKPOOpPraHM3Ma B pe3yjabTaTe Ipeablaylluero nHpuipopanus. Cneicepbl BOSHUKAIOT B
pe3yabTaTe IIpoliecca aganTaluuy, T. €. BCTpauBaHUs UyKepPOJHOIO FeHeTMYECKOro MaTepuralia B
CRISPR-xaccery. B 6onpmnHcTBe cuctem CRISPR-Cas 3a aTanm aganTauuy oTBEYarOT OEJIKU
Casl n Cas2 [2].

© Abramova M. V., Malykh A. S., Gatieva I. M., Kazalov M. A., Selkova P. A., Yakimov A. P., Vasileva A. A., Arseniev
A. N., Khodorkovskii M. A., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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B nacrosiee Bpemst cucteMbl CRISPR-Cas akTMBHO H3y4aloTCs C 3BOJIOLMOHHONM TOY-
KU 3peHUsI. DTO He TOJbKO pacluupsieT (pyHIaMeHTaJbHbIE MPEACTaBICHUSI O OMOJOTMU TaKMX
CHCTEM, HO U MMeEET IePCIeKTUBBl B pa3padOTKe HOBBIX TEXHOJOIMI U YCOBEPILIEHCTBOBAHUU
CYIIECTBYIOIIMX METOAOB T€HHOIO peJaKTUPOBaHHUS. A IMOUCK BO3MOXKHBIX MHPOMEXYTOUHBIX
3BEHbEB 3BOJIIOLIMY MOXET IPUBECTU K OOHAPY:KEHUIO OEJIKOB, ITOJIE3HBIX IJIS MOCICAYIOLIEro
MMPAKTUYECKOT0 MCIOJIb30BaHUSI.

Panee meromammu OrMoMHGMOPMATUKU OBUIM IIPOCJEKEHBI IIyTHU BBOJIOLIMM PA3HBIX CUCTEM
CRISPR-Cas. brblna BeIIBUHYTA TMIIOTE3a, YTO YaCTh aJalTallMOHHBIX MOIYJIEH MMEET DBOJIO-
LIMOHHOE TIPOMCXOXIEHUE 13 OeJIKOB-UHTEIrpa3 TPaHCIO30HOB — mocienoBareibHocTein JHK,
CIOCOOHBIX MepeMellaThCs 110 TeHOMY U3 OIHOro Mecta B apyroe [3, 4]. B 2020 rony B HyKJIeo-
TUIHBIX MOCJIEI0BAaTEIbHOCTSIX HOBOM TpymIibl apxein Asgard (acrapmapxen) ObLIM OOHApYKEeHbI
VHHUKaJbHbIE CUCTEMbI, MPEAIOI0XUTEIbHO (DYHKIIMOHUPYIOLIME KaK TPaHCIO30HHL. Bce 3T
CUCTEMbI O0BbENMHSIET MEXIy co0oil Hanmumuue Oosbiux Casl-1mogoOHBIX OEIKOB, KOTOPHIE SIB-
Jsorest romosioramu 6eika Casl u3 cuctembl CRISPR-Cas. Oqny u3 Takux cucrem — aCasl_3
MOXHO paccMaTpMBaTh B KaueCTBE MOIENIM OJHOIro U3 IpeniiecTBeHHUKOB cucteMbl CRISPR-
Cas [5].

B mannoii paboTre BHepBbIe ObLIa MOJIyYeHa peKoMOMHaHTHas Bepcus Oenka Casl 3 — ru-
rantckoro Casl-momo06Horo 0ejika u3 MPearnoJOXUTEIbHO TPaHCII03a0eIbHOM CUCTEMBI acrap-
napxeit aCasl 3. [ToMuMo moaydeHUsl peKOMOMHAHTHOM BepCUM OejiKa ynalioch IPOBECTU €ro
MEPBUYHYIO (DYHKIMOHAJIBHYIO XapaKTepU3aluIo.

Marepualibl 1 METOAbI

Buonndopmarnyecknii aHaau3 mociaenoBareabHocT Oenka Casl 3. Jlng maeHTUdUMKALUU
MOTMBOB B aMMHOKMCJIOTHOI IIOCJIeAOBaTeJbHOCTH Oejika ucrojab3oBaicsi pecypc MOTIF
(https://www.genome.jp/tools/motif/). Ilouck ocymecTtBiasuics npotuB o6udbanmorek PROSITE
[6], NCBI-CDD [7] u Pfam [8].

KnonupoBanue rena Oenka Casl_3 nmas skcmpeccun B KieTKax-mpoxaynenrax. [Tocnemona-
teapHocTH JAHK acrapmapxeii, Hecymux O0enku cuctembl aCasl 3, CylIecTBYIOT TOJBKO B BUIIE
MeTareHOMHBIX JaHHBIX. B HacTos1elt paboTre ObLIa KccaeaoBaHa cucrtema oeiakoB aCasl 3, 00-
HapyXeHHas B rociaenoBateabHoctu Candidatus Thorarchaeota archaeon nzonsat Yap500.bin9.44,
pa3menieHHOI B 0a3e maHHbIX GenBank mox Homepom JAEOSL000000000.1.

KonoH-onTuMusupoBaHHas ocjaea0BaTe/IbHOCTh TeHa Oeyka Casl 3 ObLia cCMHTe3UpoBaHa B
poccuiickoii buorexHonorndeckoir komnanuu Kimonunr @acwimtu (anes. Cloning Facility), T.
Mocksa, u 3akjioHupoBaHa B BeKTop pEXPR _001. C noxyyeHHO# 11a3Muabl (HeOOJbIIast KOJb-
ueBass monekyiaa JHK) pEXPR 001 Casl 3 mpu momolny IOJMMEpa3HON LIeMHON peakuuu
(ITIIP) 611 Hapabotan IILP-dparmenT, Hecyluii mocienoBaTebHOCTh Oenka Casl 3. Takxke
co crangapTHoro Bektopa pMJ806 (Addgene, CIIIA) 6bu1 Hapabotan ITL[P-¢pparmeHT, Hecy-
LI TOCeA0BaTeIbHOCTh TeHa OeJiKa, CBSI3bIBalolero Majabro3y (axea. Maltose Binding Protein
(MBP)).

Hapa6otka ITLP-dpparmeHToB mpoBoawiach ¢ ucrnojab3doBaHnueM cmecu Q5 High-Fidelity 2X
Master Mix (NEB, BenukoOputaHus) corjiacHO IMpoTokKojy mnpousBoaurels. IlocienoBarenb-
HOCTH MCITOJIb30BaHHBIX IIpaliMepOB MPEICTABICHbI B Ta0OIULIE.

[Monyuennsie TTLP-dparMenTsl, Hecylue mnocieaoBateabHoCcTH O0eakoB Casl 3 (4986 m.H.)
u MBP (1101 n.H.) 6puH 3aK10HMpOBaHbI B BekTop pET21a merogom I'mbcona [9] mpu momoiu
Gibson Assembly Master Mix (NEB, BeaukoOpuranus) (HallOMHUM, YTO JJIMHY CEKBEHUPOBAaH-
Hbix yyactkoB JIHK (rena, calita, XpoMOCOMBI) WJIM BCEro 'éHOMa YKa3bIBalOT B Iapax HYyKJIe-
oTuaoB (I1.H.)). 151 KIOHMpPOBaHUSI ObLIM BHIOpAHBI CalThl AHAOHYKIIea3 pecTpukuuu Ndel u
Notl.

OKcnpeccus rena 6eaka Casl_3 B kierkax-npoaynentax. [Inasmuny pET21a_Casl_3 MBP
TpaHC(OPMUPOBAIM B KOMIIETEHTHBIE KJIETKU KMIIeuyHol manouku E. coli BL21 Al ctaHmapTHBI-
Mu MeTonamu. IlonyyeHHBIe KJIIETKM pacTWIM B XKUAKOW NUTaTeabHO# cpene LB (anes. Lysogeny
broth) ¢ amnuumuimHoM (100 MKr/mi1) B o6beme 500 M. KiaeTouHble KyabTypbl MTHKYOMPOBaIU
npu temneparype 37°C U paBHOMEPHOM a’palliid Ha Bpalllalolleiics Kadajake OO0 JOCTHIKCHMS
ontuueckoil miotHocTy 0,6 Ha mauHe BoiHBI 600 HM. TpaHCKpMIILIMIO LIEJIEBOTO I'eHa OeJiKa
Casl_3 wnHnynupoBaiu nobaBieHUeM apabWHO3bI U u3onponui-f-D-1-TruoratakTonupaHosu-
na (UIITT) no xoneunoit koHueHtpauuu 0,1 % u 1 MM, cooTrBeTcTBeHHO. BhIpaniuBaHue

83



4Haquo-TeXqueCKme Begomoctu CI6Irmny. ®usmko-mMatematmyeckme Hayku. 17 (1) 2024 >
I

Tabnuna

ITocaenoBaTe bHOCTH NMpaiiMepOB, UCIOJIb30BAHHBIX B padore

IMTocnemoBaTenbHOCTD, 5° — 3’ [0003HAYeHME ITpaiiMepal
AACCTGTACTTCCAATCCAATATTGGAATGACACGATCAAGAGGAAGGCCCG

[Casl_3 forward primer]
TGGTGCTCGAGTGCGGCCGCAAGCTTTACAACTGCTGCTCCTCAGACTCCGTCGGTTCGC

[Casl_3 reverse primer]
CTTTAAGAAGGAGATATACATATGCACCACCACCACCACCACATGAAAATCGAAGAAGGTAAAC

[MBP forward primer |
ATATTGGATTGGAAGTACAGGTTTTCCTCGATAGTCTGCGCGTCTTTCAGGGCTTC

[MBP reverse primer]

O06o3HauyeHus: forward, reverse primers — NMPsSMOi U OOpaTHBIN TpaliMepbl, COOTBETCTBEHHO.

KJICTOYHBIX KYJILTYp Ipoaorkaau npu temmepatype 18°C B Teuenue 16 yacos. Kietku cobupa-
JIM IeHTpuGyrupoBaHueM Ipu LeHTpobexxHoM yckopeHuu 3500g B reuenue 30 muH. [TomydyeH-
HBII 0camoK XpaHuIu npu temmepatype —20°C.

IIpoBepKy nHAyKIMM TpaHcKpumiuu O0eiaka Casl 3 B MOJydeHHBIX ocalkKaxX MPOBOAWIU II0
IIPOTOKOJIy, onucaHHoMY paHee [10].

IIpoBepka pacrBopumoctu 0enka Casl_ 3. KilerouHas KynbTypa B o0bemMe 1 M ObLia OTO-
OpaHa mocie uHKyOauuu ¢ apabuHosoir u UIITI (cMm. mpeabinymuii moapasaen). Kiaetku co-
oupanu neHTpudyrupopanueMm npu 12 000g B TeueHue 10 muH. Ocagok pecycneHIMpPOBaIU B
700 Mk msupylolero oygepa, Bkiouaromero 50 MM Tpuc, 5 % rauuepuna, pacrBopa NaCl
pasHoil KoHLeHTpauuu (oHa coctaBiasuia 150, 500 wim 1000 MM); moxasaTenb KHUCIOTHOCTU
(pH) o6ydepa 6bu1 paBeH 6,5 Mmoo 8,0. JIM3KC KIETOK MPOBOAWIM METOAOM YJIBTPa3BYKOBOM
JIe3UHTerpaluy Ha JIASHOW OaHe. YJbTPa3BYKOBYIO NE3MHTEIPALMIO MPOBOAMIU Ha mpubope
LABSONIC (Sartorius AG, I'epmaHus) npu ciaeayoOIIUX 3HAYEHUSIX MapaMeTpPOB: aMILIUTyAA
yiabrpa3Byka — 30 %, uHTepBan BpeMeHU akKTUBHOCTU — 0,2 c¢. [Ipomo/KUTeIbHOCTh KaXXa0To
LIMKJIa 00pabOTKU COCTaBJsuia 2 MUH, MOCAEAYIOIIEro OXJIAXICHUSI — 2 MMH; IIpU 3TOM OOliiee
BpeMs1 00paboTku — 10 MuH.

O6pasen; ueHTpUdyrupoBalu mnpu HeHTpodexxHoMm yckopeHuu 4000g u temmepatype 4°C B
teueHue 10 MuH, 3aTeM OTHEJISLIM HAJOCAJOUYHYIO KMAKOCTh OT ocaigka. K ocamky mo0aBisuiu
700 Mk mu3upyoliero oydepa, pecycneHIMpoBaan, 3aTeM OTOMpau 1Mo 15 MKJI U3 ocanka U U3
HaJ0CagOuYHOM XMUIKOCTH JJISI aHaJIM3a coCcTaBa. AHAJIM3 MPOBOAMIN METOIOM 3JieKTpodopesa B
neHatypupytomeMm 10%-M noauakpunamuaHoM rejie (ITAAD) mo metonmy JIammunm [11].

IMonyyenne pekomouHanTHoro 0eaka Casl_3. Ocanok, mmoiaydeHHbIA 13 500 MI XKUAKOM Kie-
TOYHOI KYJBTYpPbI, COAepxKallell MHIyuupoBaHHBIN OenoK Casl 3, pecycneHaupoBaaud B 15 mi
Jm3upyoollero oydepa ¢ mobdapieHUEM JU30LKMMa U MHKYOMpPOBaau Ha jJbAy B TeueHue 20 MUH.

Cocras musupyiowero 6ydepa (pH = 8,0): 50 MM Tpuc (C,H, NO,), 5 % rmmuepuna, pacrsop NaCl
¢ KoHHeHTpauueir 150 MM, 1 mMr/M mr3onmMma.

JIu3uc KJIeToK MpOBOAMIM METOAOM YJIbTPa3BYKOBOM Ne3MHTErpalMy Ha JIEASHOI OaHe 1o
IIPOTOKOJIy, OIIMCAHHOMY B IIPEAbIAyILIEM pas3deie, ¢ YBeJIMYEHHBIM BpeMeHeM o0paboTKU (o0
30 muH). PacTBoprMyI0 YacTh JiM3aTa U OCANOK pasieisid LeHTpudyruposanueM npu 16 000g
u 4°C B Teuenue 60 myuH. HagocagouHylo XUAKOCTh UCIIOIb30BAIM MIPU JaJbHEMIICHH OYMCTKE.

Addpunnyo xpomartorpaduio mpousBoauan Ha KoisoHke MBPTrap HP Columns (GE
Healthcare, CIIIA). I1poGbl ¢ 0eJIKOM KOHLIEHTPUPOBAJIMU C MCIOJb30BaHUEM LIEHTPUDYKHBIX
koHueHTpatopoB Amicon Ultra-4 Centrifugal Filter Unit (Merck Millipore, CILIA) ¢ ¢punsrpom
Ha 100 xJla.

s mpoBeieHUS refib-(PUIbTpalvy IMOJYYEeHHBIN oOpa3el] HAaHOCUIM Ha KOJIOHKY Superose 6
Increase 10/300 GL (GE Healthcare, CIIIA) B pa3Hbix Oydepax (cM. manee pazmen «PesynabraThl
U ux obcyxneHue»). Opakuuu, coaepxkaiiye 1eaeBoil 0e0K, coOupain, 00beINHSUIM U KOH-
LIEHTPUPOBAJIU MPU IMOMOIIM HEHTPUQYKHBIX KOHIIEHTpaTOpoB ¢ duiabTpoM Ha 100 x/la.
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K 0enKoBbIM KOHLIEHTpAaTaM A00ABISIN TIMLEPUH 10 KOHeUHO# KoHueHTpauuu 10 %. Oun-
LIEHHBINA OeIOK XpaHwiu npu Temrieparype —80°C.

KommuectBennblii anamu3 AT®-a3noii akTuBHocTH 0eska Casl_3. C 1ebio KOJIMYeCTBEHHOMN
oueHKk AT®M-a3HOI aKTUBHOCTU UCIIOJIb30BaIM METOJ, OIMCAHHbIN B padote [12] (HaIlOMHUM,
yto AT® — 310 ageHo3uHTpUdOChOpHAasT KucioTa). s 3TOro UCIoiIb3oBan Oydep, coCTosI-
wuit u3 25 MM Tpue (pH = 7,5), 10 MM MgClL,, 2 MM ATO®, 2 — 4 MM dochoeHonmupysara
(DEIT), 50 en./mxit nakraTaeruaporeHasbl, 50 ea./MKI IUpyBaTKMHA3bI U 4 — 5 MM BOCCTaHOB-
JICHHOTO HUKOTUHaMuI-aaeHuH-auHykineoruaa (HAILH).

ChHauana uzMmepsuin OH, MPEACTaBISIONINI COO0M TMAPOJIUTUUECKYIO aKTUBHOCTh Oy(depa,
3aTeM — aKTUMBHOCTh Oejika B Oy(depe; M Ha MOCJAeIHEeM 3Talle U3MEPsUIM aKTUBHOCTh Oejika B
Oydepe B MPUCYTCTBUU OJIMTOHYKJIECOTUIOB, COCTOSIINX U3 AE30KCUTUMUHOB (onmro-al). Kpu-
Boie nornoiweHus: HAJIH nmonyyanu Ha pivHe BoaHbI 340 HM Ha crnekTpodoTtomerpe Cary 5000
(Varian, CILA). 1151 HaneXXHOCTU TTOJyYeHUST BOCIIPOM3BOAUMBIX JaHHBIX SKCIIEPUMEHT IIOBTO-
PSUIU TPYIKIBL.

PesyabTaTbl B X 00CYyXKIeHHE

Casl_3 — 310 mpencraBUTeIb YHUKaIbHOMI rpymibl Casl-1mogo0HbIX 60e1koB cucteM aCasl 3
acrapaapxeii. JlaHHas rpyrma 0eJKoB paHee He ObljIa JOCTaTOYHO M3YYeHA U 9KCIIEPUMEHTAIbHO
HE oxapaKTepHU30BaHa.

Casl_3, KkaK ¥ BCe OCTajibHbIe MPEeACTAaBUTEIM JAHHON TPYIIIbI, IPeACTaBsieT coO0i OYeHb
KPYIHBII 00K, IO CPaBHEHUIO C XOPOIIO M3ydyeHHbIMU Oeskamu Casl, BXOOSIIMMU B COCTaB
cucteM CRISPR-Cas. Ero minHa coctasisier 1368 aMUHOKUCIOTHBIX OCTaTKOB, B TO BpeMsI KakK
B coctaB Oenka Casl, Hanpumep, cucrembl CRISPR-Cas 6akrepuu Streptococcus pyogenes SFE370
(M1 GAS) II-A Ttuma BxoguT Bcero 289 aMMHOKMCJIOTHBIX OCTaTKOB. Takoe pa3iuyue B pas-
Mepax 3acTaBJISIeT IIPeAIoJaraTb BEPOSITHOS HAJIWYKE OOIOJHUTENIbHBIX JOMEHOB B CTPYKTYpe
oenka Casl_3.

[lepBbIM 11aroM B JAaHHOM HCCJIEIOBAaHUU ObLI aHAJIM3 TOTO, KaK1e JOIIOJHUTEIbHEIE JOMe-
HBbI MOTYT BXOIUTh B cocTaB Oenka Casl 3, 4yTo cpasy DOJDKHO IIOBJIeUb 3a COOOI, €CTECTBEH-
HO, MIpeAIojaoxeHne 00 ux Bo3MOXHON (yHKuMuU. [1oCKOIbKY He pellleHa IPOoCTpaHCTBEHHAs
Mozenb Casl 3, momoOHbIN aHaIM3 ObLT BO3MOXEH TOJbKO Ha OCHOBE UMEIOLIUXCSI JaHHBIX 00
aMUHOKHUCJIIOTHOM MOCIenoBaTeIbHOCTU Oejika. Hamu ObL1 OCylIeCTBIEH MOMCK TaK Ha3bIBae-
MbIX MOTUBOB, T. €. KOPOTKMX XapaKTepPHBIX ITOCIEeI0BATEIbHOCTE aMUHOKHUCIOT, CBSI3aHHBIX C
oIpeneeHHBIMU (DYHKIIUSIMU.

B amuHOKUCIOTHOI MocnenoBaTeabHOCTU Oenka Casl 3 HaMm yaanoch 0OHapyXUTh MOTUBHI,
mogoOHbIe MOTUBaM Yokepa. B yacTHoctu, MOTUB YoKepa A mpeacTaBiisieT co00il XxapaKTepHYIO
MocaeA0BaTeIbHOCTh aMUHOKUCTOTHBIX ocTaTkoB GXXXXGKT/S, rne X — ato i1060i1 aMuHO-
KUCIOTHBIN ocTaTok [13]. B mocnenoBateabHocTu Oenka Casl 3 ykazaHHbBII MOTUB MOXKET OBbITh
MpeACTaBieH aMUHOKUCIOTHBIMU ocTaTKamu (G143-----G150-K151-T152). Takxe B aMMHOKHUC-
JIOTHOI TociieaoBaTenbHOCTH Oesika Casl 3 MOXHO HailTH y4acTOK, IMOJOOHBIN MOTUBY YoKepa
B (GXXXLhhhD, roe X — 310 1100011 aMUHOKUCIOTHBINM OCTAaTOK, a h — ruapogoOHbIi aMu-
HOKMCJIOTHBII 0CTaToK). JIaHHBII y4acTOK 00pa30BaH aMUHOKMUCIOTHBIMU ocTatkKamu G167-----
L172-A173-H174-P175-D176.

H3BecTHO, UTO pacmosoxeHue MOTUBa Yokepa B mocie motuBa Yokepa A sIBisieTcsl 4OCTa-
TOYHO XapaKTepHBIM IS OenkoB, obnagaiomnx AT®-a3Hoit akTuBHOCTEIO. [lociaenoBaTebHO-
CTU 3TUX MOTUBOB CB3bIBaloTCd ¢ AT® 1 y4acTBYIOT B IepeHOCE SHEPIUU, BHICBOOOKIAIOIICIH-
cs MpU TUApPoan3e MoJieKyJabl AT®, Ha CTPYKTYpHbIe U3MEHEHMSI OeJiIKa. DTO MO3BOJISICT Oel-
KaM, colepKalllMM MOTUBBI YOKepa, Yy4acTBOBaTh B (DYHKUMSIX, 3a1eliICTBOBAHHBIX B Ipoleccax
AKTMBHOI'O TPAaHCTNOPTA, KJIETOYHOW MOJABUXKHOCTU U JPYTrUX OMOJOTMUYECKUX Mpolieccax. 31ech
MMEIOTCS B BUAY MPOLECCHI, CBSI3aHHbIE C IEpPeABUKEHUEM M TPAHCIIOPTOM BHYTPHU KIIETKH,
obecneynBaonme 3¢hGeKTUBHOS MCIOJIb30BaHUE SHEPIYM, BBICBOOOXIAIOLIEHCS MpU THUAPO-
mm3e AT® [14]. Kak yxe ObL10 0OTMeueHO Bhiliie, 0esok Casl 3 ecTh 4acThb CUCTEMbI, KOTOpasl,
BEPOSITHEE BCETO, BBIMOJHSIET (DYHKUMU TPAHCIIO30HA (MOOWJIbHBINA T'€HETUYECKUI 3JIEMEHT).
Pe3oHHO MpearoaoXuThb, YTO AOMOJHUTEIbHAS SHEPrus, mojydaeMas B xoae rugponusza ATO
oeakoMm Casl 3, MOXeT IoMOraTh TPaHCIIO30HY MHKOPIIOPUPOBATLCS B T€HOM, YIaCTBYSI TaKUM
00pa3oM B OpraHM3allMi €ro MOOUJIbHOCTH.
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Yrto0Onl mpoBepuTh criocooHocTh 6enka Casl 3 ruaponausoBatb AT®D, Mbl HOJIYUYWIN €TO pe-
KOMOMHAHTHYIO opmy. [T 3TOro KJIOHMPOBAIMU €ro reH B KOHCTPYKLIMIO IS SKCIIPECCUU B
KJIeTKax-mpoayleHTax. JJomoJIHUTENIbHO IeH LIeJIeBOro 0ejiKa Mbl O0beIUHSIIN C ITOCIeI0BaATEIb-
HoCThlOo reHa Oenka MBP (3ta abOpeBuaTypa paciuvdpoBaHa Bbillie). DTOT 0€JI0K, CBSI3bIBaIO-
LM MaJIbTO3Y, UCIOJIb3YETCs MIJIsl IIOBBILLIEHUSI pACTBOPUMOCTH 1IEJICBOr0 OeIKa B IM3UPYIOILIEM
Oydepe mist ero majlbHeuleil o4ucTKu MeTogoM adduHHoi XxpoMaTtorpaduu [15]. IlomyueHHas
mwia3muga pET21a_Casl 3 MBP npeacraBiena Ha puc. 1,a.

a) b)
Gasl B EcoRI
as1_3 gene (8073 bp - BamHI
(5430 - (4749 bp - . 80780) (9407 bp- __1 2
S = 9734 bp) 7 7 ea12bp)
~ S _ P -
TEV c;lif:vage 6000 bp > = ~
6x His —
- 3000 bp P — —
MBP gene ' e
(3611ng g terminator 2000 bp P s -——
4712 bp) —
pET21a_Cas1_3_MBP 1500 bp P> —
6x His Ampicillin —

resistance
Ndel gene
(3588 bp -

3593 bp)

operator

T7
promoter
pBR322 origin

Lacl gene (0 bp - 620 bp)

Puc. 1. Pesynabrar kioHupoBaHus reHoB 6ejikoB Casl 3 u MBP B BexkTop pET21a:
a — cxema masmuabl pET21a Casl 3 MBP (Hecer renbl 6enkoB Casl 3 u MBP);
b — pe3yabTaThl peCTPUKIMOHHOIO aHajau3a 3TOM IUIa3MUIIbI.

Ha puc. 1, b: ananus ¢ KoHTposeM 0e3 pectpukTas (/) U pecTpuIIMpOoBaHHAS IIa3MHUIa
o caiitam Ndel, EcoRI, BamHI (2); bp (base pair) — m.H. (mapa HyKJI€OTUIOB)

Bepuduxkaunio BCTaBKM LIeJIEBBIX T€HOB B BEKTOpP IIPOBOIMIM C KCIIOJb30BAaHUEM METOIa
PECTPUKLIMOHHOIO aHaiMu3a: mojaydeHHyto riasmuny pET21a Casl 3 MBP oGpabartbiBaiu 3H-
nonykieaszamu pectpukuuu Ndel, EcoRI, BamHI. Takas o6paboTka ruia3Muabl JOJKHA IIPU-
BOIUTH K 00pa30oBaHUIO (hparMEHTOB UIMHON MpuOIM3uTeabHO 1334 map HykKiaeoTuaoB (I1.H.),
1841 m.H., 2643 m.H. u 5710 m.H. (cM. puc. 1,h). B ciydae Takoit 06pabOTKM MCXOQHOTO BEKTOPA
pET21a 6e3 BcTaBKM JOJKHBI 00pa30BbIBATLCA (parMeHThl JinHOi 5399, 38 u 6 m.H. Pa3mepnl
¢parMeHTOB, MOJYYEHHBIX B pe3yJbTaTe PECTPUKIIUM, COOTBETCTBYIOT OXMIAeMbIM (CM. pUC.
1,b), 4TO CBUOETEIBLCTBYET O BCTaBKe LiejeBbIX TeHOB B BekTop pET21a. [Ins momoJHUTeNIbHOMI
BepuUKaLUuKU IPOBOAUIN M CEKBEHMPOBaHME KJIOHMPOBAHHOTIO IeHa (OIlpelejieHue ero Iep-
BUYHON HYKJICOTUIHOI IOCAeA0BaTeIbHOCTH) 110 MeToay CaHrepa.

s mocnenytolero BelaeaeHUs pekoMouHaHTHoro 6enka Casl 3 MBP HeoOxonuMo ObLIO
IIPOBEPUTH, UHAYLMPYETCS JIM €r0 CMHTE3 B KJIETKaxX-IPOAYLIEHTaX W SIBISIETCS JIM 3TOT OEJI0K
PACTBOPUMBIM.

PesyabpTaThl IpoBepKU MHAYKLMM TpaHcKpumiuu reHa o6eiaka Casl 3 MBP mpeacraBieHbl
Ha puc. 2,a. B obpa3slie «1mocjie MHIyKIUW» PerUCTPUPOBAJICS IMPOAYKT, COOTBETCTBYIOLIMI OXI-
JlaeMOli MOJIEKYJISIpHOII Macce 1ejeBoro Oenka (232 xJla), 4To CBUOETEIbCTBOBAIO 00 yCIIElll-
HoMm cuHte3e Casl_3 MBP B kieTkax-npojylieHTax.

st xpomaTorpaduyeckoil OUUCTKY OelKa ObLI0 HE0OXOAUMO YOeIUThCS B €0 PacCTBOPUMO-
ctu. [loaToMy Ha ciemyiolleM 3Talle MCCIeIOBaHUI ObUIM IMOJOOpaHbl YCIOBUS, IIPU KOTOPHIX
oenok Casl 3 MBP oGnanman 6b1 HauOoJbllIell pacTBOPUMOCThIO. JIJIsT BhIOOpa HAWIYYIIUX YC-
JIOBUI KCIIOJB30BAIN JU3UpPYIOIIe Oydephl ¢ pa3Hoil KoHUeHTpauuei ximopuaa Hatpust NaCl
(150, 500 u 1000 MM) u 3HaYeHUSIMU TTOKazaTesiss KuciaorHoctd pH (6,5 u 8,0). IIponykTsl,
COOTBETCTBYIOLIME MOJIeKYIsipHOIT Macce Oenka Casl 3 MBP, Obuin oOHapy:XeHBl BO BCeX 00-
pa3lax: Kak B ocaakax (pellet), Tak ¥ B Hagocago4yHOU XUAKOCTU (supernatant) (puc. 2,b),
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a) b)
4 S
&
N N
.\Q .\(\
250 kDa
130 kDa ‘
100kDa . | 250 kDa
- 130 kD
70 kDa ~ - -3 &
. 100 kDa
55kDa |
3 - 70 kDa
ro—
55 kDa
3 | 1 E
35 kDa 150 MM NaCl 150 mM NaCl 500 mM NaCl 1M NaCl

pH 6.5 pH 8.0 pH 8.0 pH 8.0

Puc. 2. Pe3yabrarhbl 37eKTPO(OPETUYECKUX aHATMU30B MPO0, MOJyUYeHHbBIX

npu IBYX MpoBepKax: MHAyKuuu cuHTe3da 6enka Casl 3 MBP (a) u ero

pactBopuMocTH (b). Oxumaemasi MosekyjsipHas macca 6enka — 232 k/la.
KpaCHLIMI/I CTpCJIKAMM YKa3aHbl IMOJOXKCHUA LIEJICBOTO Oenka

YTO CBUIETEJBbCTBOBAJIO O PACTBOPUMMOCTHU OeJiIKa BO BCeX IPOBEPEHHBIX OY(epHBIX pacTBOpax.
Hiis1 panbHeNIIel ourMcTKy 0ejika ObLT MCIIOJb30BaH Oydep ¢ HauMeHbIIUM KojaudecTBoM NaCl
(150 MM) u pH = 8,0, mockoJbKy 00Jiee BHICOKME KOHLIEHTPALMK XJIOpUAA HATPUS B JaJbHEl-
IIeM MOTYT IOMeIaTh MPOBEACHUIO SKCIIEPUMEHTOB A Vitro C TaHHBIM OEJIKOM.

Hnst BeiaeneHust pyHKIIMOHAIbHO akTUBHOTO Oenka Casl 3 MBP mpoBoauiach AByXCTaauii-
Has OYMCTKa MeTogaMu ad@uHHON XxpoMaTorpacduu U reib-(puibTpalumu.

I'enb-puibTpalivio MPOBOAMINA B HECKOJBKUX BapuaHTax. s 3Toro ucnosb3oBaiu Oydepnl
C pasHBIM coaepxXaHueM Xjopuaa Hatpusi. Kpome TOro, Mbl IpOBOAWIN OUYUCTKY B Oydepe ¢
2M NaCl ¢ o6paboTKoi1 pacTBopa Oejika mnepen rejab-uiabTpanueit oeHzoHaszoit u TEV-mpore-
azoii. O0paboTka OEH30HA30l IPOBOAMIACH IJIs yAaJeHUS HYKJIEMHOBBIX KHCJIOT U3 pacTBOpa
oenka, oopadborka TEV-1iporeazoit — mis orpesanus nentuna MBP ot Casl 3. Oxazanocsk, 4To
IIpu O4YMnCTKe Oeska B Oydepe ¢ comepxkanuem 2M NaCl Ha xpoMaTorpaMme IOSIB/ISIETCS MUK B
obsactu 12 — 14 mi, coctosumit uz Casl_3 MBP (puc. 3). OnHako, Kak paHee ObLIO OTMeue-
HO, UCIOJIb30BaHue 0yhepoB ¢ BICOKOI KoHIeHTpauueir NaCl MmoxeT moMeliaTh IIpOBEeISHUIO
JAJTbHEHIINX 9KCIIepUMEHTOB. B ¢Bs3u ¢ aTuM i mpoBepky Haauuust AT®P-a3HOi aKTUBHOCTU
OBUIO pelIeHO MCI0JIb30BaTh dpakuuu Oeika, MOJydeHHbIe Iocie 3Tana ah(UHHON XpoMaTo-

rpadpuu.
500

— 150 MM NaCl

500 mM NaCl
2M NaCl
2M NaCl + benzonase
2M NaCl + TEV-protease

400

300

200

A 280, mAU

100

——
T T T 1

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

Puc. 3. Xpomarorpaduueckue npoduiau rejb-huibTpalMOHHON OUMCTKA
oenka Casl 3 MBP npu ucrosib30BaHUM pa3inuHbIX Oy(DEepHbIX YCIOBUIA (CM. JIETEHIY).
ITpu BbigeneHuu atoro 6enka B pactBope 2M NaCl oGHapyxeH MUK
Ha obbeme 13 M1 (OTMEUEH KPacHOU CTPEJIKOM), OTHOCSIIUICS K 3TOMY OeKY
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IIposepka crocobHoctn K rupponudy AT® pekombuHaHTtHoro 6enka Casl 3 MBP 6buta
IpoBeAeHa in vitro. B KadecTBe MOJIOXUTEIbHOIO KOHTPOJIS IapaljieIbHO U3MEpSUIM aKTHUB-
HocTbh Oenka RecA. Ha puc. 4 mpeacraBieHbl pe3yabTaThl 9KCIIEPMMEHTa B BuAe rpaduka 3a-
BUCHUMOCTH KOJIMUECTBA ruapon3oBaHHOro AT® ot BpeMeHU. BUgHO, YTO OUYMILIEHHBII O€I0K
Casl_3 MBP umecer AT®-a3Hyi0 aKTMBHOCTH C IIOCTOSIHHOM CKOPOCTBIO TMIPOJM3a, KaK U

oenok RecA.

Cxkopoctb ruapoinza AT® 6enkom RecA cocraBmia ot 17 £ 3 MKMOJIb/MMH IpU 100aBjIe-
HUU OJIUTOHYKJICOTUAOB, COCTOSIIMX M3 J€30KCUTUMUHOB (0JIMTO-AT), UTO COBIAmaeT ¢ JIUTepa-
TYpHBIMU AaHHBIMU [16]. TuaponmuTuyeckas akTUBHOCTh RecA 3aBucHUT OT onmro-al, moatomy
B UX OTCyTcTBUU Tuaponnda AT® He HAOII0IAI0Ch.

Ckopoctb rugponn3a AT® 6enkom Casl 3 MBP cocraBuia 6,0 = 1,5 MKMOIb/MUH Kak

80

—e— Control (buffer)
—a— Cas1_3_MBP +dT
——RecA +dT

—+— Cas1_3_MBP
—6—RecA

B (2]
o o
1 1

ATP hydrolised, uyM

N
o
1

)

Time, min
Puc. 4. 3aBucuMOCTM OT BpEMEHM KOJIMYECTBA
ATO, TUAPOIU30BAHHOTO  MOA  JCHCTBUEM
o6enkoB Casl 3 MBP u RecA B mnpucyrcTBUM U
B OTCYTCTBME€ OJIMTOHYKJIEOTUIIOB, COCTOSIILIMX W3
ne30kcuTuMuHoOB (onuro-aT (dT)), B pacTBope

258 kba <— Cas1_3_MBF
130 kDa 4= DnaK + MBP
<= DnaK + MBP
100 kDa
<4 DnaK + MBP
70 kDa :
<= DnaK + MBP
<4— MBP
55 kDa '
R «— 2P
35 kDa “ <— MBP

Puc. 5. Pesynbrar 251eKTpodopeTMYeCKOro aHaausa
MpoObl, TMOJYYEHHOW B pe3y/bTaTe OYMCTKU Oeska
Casl_3 MBP c nomomibio adhdrHHOIA XpoMaTorpadum.
KpacHbiMu cTpenkaMu 0003HA4YeHBI IPOOKI IIPUMECHBIX
6€JIKOB, IIPOaAHAJIN3UPOBAHHLIC METOAOM Macc-
88 CIIEKTPOMETPUN

B MOPUCYTCTBUM, TaK U IPU OTCYTCTBUU
onuro-aT. OTcyTCTBUE 3aBUCUMOCTU THUAPO-
qutndeckoit aktuBHoctu Casl 3 MBP ot
onuro-agI MOXeT ObIThb CBSI3aHO C TEM, YTO
HaM HeE yJaJIoCh MOJHOCTbIO M30aBUTHCS OT
OHK npu ouncTke 6e1Ka U3 OMoMacchl Kje-
TOK.

H7st Toro 4ToObl YOSAUTHCS, YTO HAOJIO-
naeMblii ruapoian3 AT® o0ycioBlieH Acii-
ctBueM umMmeHHo Oenka Casl 3 MBP, mbi
yCTaHABIMBAJM HaJU4ue IIPUMECHBIX Oei-
KOB, KOTOPbIE MOIJIM KaKUM-JIM0O 00pa3zoM
MOBJIUSTh Ha IMOJYYEHHBIN pe3ybTart.

C oToli LeaAbl0 MPUMEHSICS METOH BbI-
COKOpa3pellalieil  Macc-CIEKTPOMETPUU
(cM., Hampumep, cTtaTbio [17]), KOTOpBIi
MO3BOJIMJ YOEAUThCSI, 4YTO OEJKU, BbIIE-
Jsomecst  copmectHo ¢ Casl_3 MBP
(puc. 5), He MOIyT BHOCUTh 3aMETHOIO
BKJIaJa B M3MEPEHHbIE 3HAUEHUS CKOPOCTU
ruapoiuza ATD.

3akiaoyenue

Takum o6pazom, B JaHHOIT paboTe ObLIU
OIpele/ieHbl YCJIOBUSL MOJIYYEHHUS] PEKOM-
OunHaHTHOU Bepcuu Genka Casl 3 cucrembl
aCasl_3 acrapmapxeii, KOTOpble paHee He
ObUIM KeM-JIMOO oOXapaKTepM30BaHBLI. YKa-
3aHHasl CUCTeMa, CKOpee BCEro, BBLIMNOJHSET
(byHKLIMKU TPAHCIIO30HA U SIBJISIETCSI TTOTEH-
LIUAJIbHBIM 3BOJIIOLIUOHHBIM IIPEIIIeCTBeH-
Hukom cuctem CRISPR-Cas.

Hamm nepBoHavajabHbIE pe3yJbTaThl IIe-
MOHCTPUPYIOT criocoOHocTh Oenka Casl 3
K ruaponusy AT® in vitro. OGHapyXeHUe
AT®-a3H0i1 aKTUBHOCTH II03BOJISICT I1OCTa-
BUTHb BOIIPOC O BO3MOXHOI POJIU THUAPOJIM-
3a AT® B XU3HEHHOM LIMKJIC TPAHCIIO30HA
KaK MOOMJIBHOI'O TeHETUUECKOIO 2JIEMEHTa U
npenmectBeHHMKa cucteM CRISPR-Cas.

Jg manpHeero oobICHeHUS MEXaHU3-
Ma obHapyxeHHOI AT®M-a3HOoII aKTMBHOCTUA
noTpedyeTcss Cco3daHue HOBBIX BapUaHTOB
oenka Casl 3 ¢ MyTUpOBaHHBIMU MOTH-
BaMM, IIOT€HLMAJIbHO OTBETCTBEHHBIMU 34
YKa3aHHYI0 aKTUBHOCTb.
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FTEHEPATUBHO-COCTA3ATEJIbHAA CETb KAK OCHOBA
FEHEPATOPA NMOJIYUHK/TKO3UBHOIO NMYBOKOHEYNPYIoro
PACCEAHUA NENTOHA HA NOJIAPU3OBAHHOM MNMPOTOHE
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Annoranuga. B craTbe mpemioxkeHa pa3paOoTaHHash HEMPOHHAS CETb, IO3BOJISIOIIAS
[OJy4aThb PEe3yJbTaThl IOJYMHKJIIO3UBHOIO IJIyOOKOHEYIIPYIOrO pacCesiHUsl 3apsKeHHBIX
JIEIITOHOB Ha IMOJISIPU30BAHHBIX IIPOTOHAX C POXACHMEM IMMOHOB WJIM CTPaHHBIX K-ME30HOB.
PaccMoTpeHBI COCTOSTHUSI TIOJISIpM3allMd TPOTOHa (IIoIlepeyHast M MpoaosibHas). Briopan
IMana3oH HavyaJdbHBIX 3Hepruil craikuBaromuxcs dyactul 20 — 100 I'sB B cucreme neHTpa
Macc, XapakKTepHBIA UIST 2JIEKTPOH-MOHHBIX KOJUIAWACPOB, IMPOCKTUPYEMBIX B HACTOSIICE
Bpems. [TokazaHo, 9TO ¢ TTOMOIIBIO TIPEIJIOKEHHOM pa3pabOTKN MOXHO C BBICOKOI TOYHOCTHIO
MpeacKa3biBaTh (PU3MYECKUe XapaKTepUCTUKUW KOHEUHOTO JIENTOHA M aApoHa, a Takxke
pa3yIMYHble BAapUAHThI MOJISIPU3ALUU [IPOTOHA.
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A GENERATIVE ADVERSARIAL NETWORK AS THE BASIS
FOR A SEMI-INCLUSIVE DEEP INELASTIC LEPTON
SCATTERING GENERATOR ON A POLARIZED PROTON
A. A. Lobanov &, Ya. A. Berdnikov, E. V. Muzyaev
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= Jobanov2.aa@edu.spbstu.ru

Abstract. A neural network, that allows someone to obtain results for semi-inclusive deep
inelastic scattering of charged leptons on polarized protons, with the production of pions or
strange K mesons, has been developed in this study. The research covered both transverse and
longitudinal polarizations of the proton. A range of initial energies of colliding particles was
chosen from 20 to 100 GeV in a central mass system. The range is typical for electron-ion
colliders currently being designed. It has been shown that it is possible to predict the physical
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characteristics of the final lepton and hadron with high accuracy as well as different variants of
proton polarization using the proposed neural network.
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BBenenmne

I'myooxkoneynpyroe paccesHue (I'HP) 3apsockeHHBIX JIeNTOHOB Ha IIPOTOHAX IIPEACTaBISIET
o001 OAMH M3 MPOILIECCOB, CITOCOOCTBYIOIIMX M3YUEHUIO BHYTPEHHEH CTPYKTYphl MpoToHa [1].

Xopol1o u3BecTHO, 4To B Ipouecce I'HP poxmaercs 0o/bloe KOJIMYECTBO pa3IMYHbIX Ya-
CTHII.

DKCIEepUMEHTAIbHOE KCCAeAOBaHUE U TEOPETUYECKUE ITOAXOAbl K OIMMCAHMIO TaKUX IIPO-
LIECCOB, KaK IIPaBUJIO, CJIOXHBI U TPeOyIOT BeCbMa HEIPOCTBIX AETEKTOPHBIX CHUCTEM M IpPU-
BJIEUCHUS IUISI aHAIM3a SKCIIEPUMEHTAJbHBIX PEe3YyJIbTaTOB pa3IUYHbIX (PEHOMEHOJIOTMYECKUX
MoOJeJieil, CBSI3aHHBIX, HaIlpuMep, ¢ agpoHusanueii [2]. [1o3ToMy 3KCKIII03MBHbBIEC UCCIIeIOBAHUS
I'HP moka He mpoBoasTcs.

OnHako MCCIeAYIOTCs, KaK MpaBujIo, MHKIIO3UBHOE (C perucrpaiueil TOJbKO pacCessHHOIO
JIETITOHA) Y MOJYWHKIIIO3MBHOE (C perucrpalueil pacCesHHOIO JIENTOHA WM OJHOTO U3 POIUB-
mmxcs agpoHoB) 'HP.

Wzyuyenue noayuHkio3uBHoro I'HP nenToHOB Ha mpoTOHAX 3HAUMTEIBHO YCIOXHSIETCS, eC-
JIM B3aMMOMENCTBUE JICIITOHA IPOUCXOAUT C MOJSIPU30BAHHBIM (IIPOAOJIHLHO JIMOO MOIEPEYHO)
npoToHoM [3].

B T0 Xe BpeMs1 3KCIIEpUMEHTHI C IOJISIPU30BAaHHBIMU YacTUIIAMU CYILIECTBEHHO OoJjiee MH-
¢GOopMaTUBHBI 1 TO3BOJISIOT BIUIOTHYIO ITOJOMTH K PEILISHUIO IIPo0IeM, CBI3aHHBIX C (hDOPMUPO-
BaHMEM CIIMHA IIPOTOHA.

YueT nmossapusaluy IPpoTOHA B HAYaJbHOM COCTOSIHMM MoxyuHKI03uBHOro I'HP gaer noctyn
K pa3jIUYHbIM CIIMHOBBIM aCHUMMETPUSIM, KOTOPbIe BO3HUKAIOT B KOHEYHOM COCTOSIHUM (IIOCJE
npoiecca noiayuHkiao3usHoro 'HP) [3].

IIpu momepevyHo#l MmosIpU3aLMU IIPOTOHA BO3HUKAIOT ITONEPEYHBbIE OTHOCIIMHOBBLIC aCHUM-
METPUU, KOTOPbIe MOIYT OBITh omnucaHbl B pamkax 3¢ dekroB Cuepca [4] u Kommunza [3]. C
nomolipio acummerpun Cusepca A, MOXHO TOJYYUTh JOCTYI K (DYHKLMSIM MapTOHHOTO pac-
npeneineHus: CuBepca, KOTOPbIE OIMMCHIBAIOT KOPPEISLMU MEXAY IONePeYHbIMUA MUMITYJIbCAMU
KBAPKOB U CHMHOM HyKJIOHAa. Acummerpun KommnHza A . | MOMOTaiT U3MEPSTh MOMEPEYHbIE
(YHKLIMKM MApTOHHOIO paclpeneieHus BMecTe ¢ (GyHKuusMu ¢dpparmeHtauuun Kosmmnza [3].
Bce atu pyHKUIMY MMEIOT 00JIblIOe 3HAUCHUE B ONMCAHUM BHYTPEHHEN CTPYKTYPHBI HYKJIOHA [3].

B cayyae nmpomosibHOI Hoisipy3aliy IIPOTOHA BO3HUKAET MPOIOJIbHAS OQHOCIIMHOBASI aCHUM-
metpust 4 . Ee 3HaueHUst JaK0T TOCTYN K T-HEYETHBIM KOPPENALMOHHBIM (QYHKIMAM (TTAPTOH-
HBIM pacrpeneeHUsIM 1 parMeHTalIMOHHBIM (DYHKIIMSIM), KOTOPble BOZHUKAIOT M3-3a OOMEHAa
MeXIy KBapKaMU WM IPOJOJIbHO-MOJSIPU30BAaHHBIMU TJI0OHAMU [5]. OTHOCUTENIBHO HETaBHO
ObUIO ITOKA3aHO, UTO HEHYJIEeBbie /-HEUYeTHBIC paclpeacieHus ITapTOHOB COBMECTUMBI C MHBa-
PUAHTHOCTBIO CUJIBHOIO B3aMMOJICIICTBUSI OTHOCUTEILHO OOpallleHUsI BpeMeHH [5].

st uccaenoBaHusl JIFOOOM M3 BBILICYIIOMSHYTBIX aCUMMETPUIL U CBSI3aHHBIX C HUMHU MeXa-
HU3MOB UX 00pa3oBaHMsI, KOTOPbIE OMPEAE/sIOT MapTOHHBIMU (DYHKLUSIMU paclpenesieHus] 1
¢GyHKLIUSIMU (parMeHTaluu, TPeOyroTcsl OOJbliMe OO0beMBbl MNAaHHBIX, MOJy4aeMbIX B KaXKIOM
aKkcriepuMeHTe. [ToMuMoO 3TOro, He0OXOAMMO BBIMOJHSTH 3KCIIEPUMEHTAJIbHbIE MCCIeI0BaAHUS
pu OOJIbIIIOM HaOOpe HavyaJabHBIX SHEPIUil (OIOpHBIE TOUKM). AHAINU3 PEe3yJIbTaTOB TaKUX IKC-
IIEPMMEHTOB II03BOJISIET M3BJIeKaTh MH(MOpPMALIMI0O O (PYHKUMSIX paclapenesieHus] MapTOHOB U
GyHKLIMIX PparMeHTaLuu [6].

© Lobanov A. A., Berdnikov Ya. A., Muzyaev E. V., 2024. Published by Peter the Great St. Petersburg Polytechnic
University.
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B cuny orpannyeHHOCTH (B TOM 4uc/ie M (PUHAHCOBOI) SKCIIEPUMEHTAIbHBIX BO3MOXKHOCTEN,
HEJIb3s1 TTOJIYYUTh JOCTATOYHOE KOJIMYECTBO OIIOPHBLIX TOYEK, HA OCHOBE KOTODPBIX BBIIIOJIHSIET-
csl anrpokcuMauust QYHKUMI pacripeneieHus. BciencTBue 3Toro BoO3HMKAeT HEOOXOAUMOCTD
pa3pabOTKU IPOrpamMM, KOTOpbIE ObUIM OBl CIIOCOOHBI K MHTEPIOJSLUN WIM SKCTPAIOJsSLINU
SKCIIEpUMEHTAJbHBIX JaHHBIX 10 BHIOpaHHBIM IapameTpaM. [loBblllIeHME 00BEMOB TaHHBIX (32
CYET MHTEPIIOSILMY U SKCTPAIIOJISILIMN) AOJKHO OJ0XUTEIbHO CKa3bIBaThCs HA TOYHOCTH I10-
JiydaeMbIX (PYHKIIMM pacIpeaeaeHus.

Hnst pemieHust mpo0OJieM, CBSI3aHHBIX ¢ HEOOXOAMMOCTHIO PabOThI C OOJIBIIMMU MacCUBaMU
JaHHBIX, MOXHO HCIIOJIb30BaTh METOAbLI MALMHHOIO OOyYeHUS U, B YACTHOCTH, T'€HEpaTHUB-
Ho-cocTs3arebHbie cetn (I'CC) [7].

[Ipumenenue I'CC nmo3BossieT pa3padaThiBaTh aJITOPUTMBI U CO3JaBaTh KOMITbIOTEPHEIE IIPO-
rpaMMbl (Ha3bIBaeMble FeHepaTopaMU COOBITHIT), KOTOPbIE CIIOCOOHBI OBICTPO IIOJYyYaTh HY>KHBIS
BEJIMYMHBI U3 IEPBOMCTOYHMKA, 0€3 CIIeLaJIbHOTO MOAEJIMPOBAHUS B3aUMOISHCTBUS YaCTUIL U
nerekropa. Takke CTOMT OTMETUTh, UTO MOAOOHBIE MPOTPaMMBbl MO3BOJISIIOT M30€XaTh UCIOJIb-
30BaHUSI OOJIBIINX OOBEMOB NMCKOBOIO IIPOCTPAHCTBA, TaK KaK COXpaHSIOT B cebe lieJeBbie
pacrpenesaeHus B BUIe HEOOIBIIOro YKcCia apaMeTpoB [9].

MeToauKa uccaea0BaHus

Kak ObL10 OTMEUYEHO BO BBEACHMU, COBPEMEHHOE COCTOSIHME PA3BUTUSI TEXHMKU SKCIIEPU-
MeHTa, (P)MHAHCOBbIE BO3MOXXHOCTH MUPOBOr0 HAyYHOI'O COOOIIECTBA U HAJIUUKUE OOJIBIIOTO KO-
JIMYECTBA KOHKYPUPYIOLIUX (PU3NYECKUX 3aa4 HE MO3BOJISIIOT MOJydYaTh B 3KCIEPUMEHTATbHBIX
HCCIEAOBAHUIX JOCTaTOYHOE KOJIMYECTBO OMOPHBIX TOUEK, KOTOPbIE MOXHO OBbLIO OBl MCIIOJIb-
30BaTh B IIPOLECCE MAILMHHOIO OOy4YeHUSs.

B cuny aToro o6crosiTenbcTBa (OTCYTCTBUE AOCTATOYHOIO KOJMUYECTBA 3KCIEPHUMEHTATbHBIX
JaHHBIX) B HACTOsIIell paboTe OMOpPHBIC TOYKU ObLIM IIOJYYEHBI B pe3yJbTaTe MOACIMPOBAHUS
MOJIYMHK/IIO3UBHOTO TJTyOOKOHEYIIPYIOro pacCesiHUs JICNTOHOB Ha IOJISIPU30BAaHHOM IPOTOHE.
MonenupoBaHue ObUIO IPOBeAeHO ¢ moMolibio mporpaMmbl PYTHIAS Ha ocHOBe reHepaTtopa
MomnTte-Kapio [10], paciumpeHHOI 3a cueT UCIOJb30BaHMs IPOrpaMMHOI0 nakera StringSpinner
[11]. ITocnenHuit BKIIOUAET pealu3aluio MOAEIN string+3P0 [12], ocHOBaHHYIO Ha JIyHIOBCKOI
CTPYHHOII Mogeiau [2], 4TO IaeT BO3MOXKHOCTb YUYMTHIBaTh (hparMEeHTAlUIO I10JISIPU30BaHHBIX
KBapKOB TP agpOHU3ALIUU.

CyTb JTYHAOBCKOM MOACIM aApOHM3ALMN MOXHO IPOWUIIOCTPUPOBATh Ha YIIPOIIECHHOM cXe-
Me (puc. 1) [12].

bynem mojararb, 4TO IPOTOH, C KOTOPHIM B3aMOAEUCTBYET 3apsKEHHBIN JEMNTOH, COCTOUT
u3 KBapka A 1 octatka B (q 1 g, COOTBETCTBEHHO, Ha puc. 1) [12].

BuptyanbHblit HOTOH Y, UCMYILEHHBIN 3apsiKEHHBIM JIEITOHOM, IOTJIOLIAETCS OIHUM U3
KBAPKOB HETIOJISIPU30BAHHOTO MPOTOHA (HampuMep, KBapk ¢, Ha puc. 1). DoToH Y nepenaer

%\555

Q."ﬁ//
‘73 94~ N
o
,\{*
Puc. 1. YopouieHHast cxema Ipoiecca agpoHU3aluu:
O — touka B3aumozneiicteust; Q,, 0,, ..., O, — TOYKHU paspbiBa CTPYHBI;
H,, H,, ..., H, — TOYKM POXIEHUA AOPOHOB A, h,, ..., h, ; q,, q, — IPOB3aMMOJECHCTBOBABIINIA

KBapK 4 ¥ OCTaToOK B, COOTBETCTBEHHO; Y — BUPTYaJIbHbLIl (POTOH; CTPEJIKU YKA3bIBAIOT
HAIpaB/IeHUs PasjieTa ¢, U ¢,
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KBapKy A CBOI MUMITYJIbC, BCJIEACTBHME YErO HAUMHACTCS pa3jieT KBapka A M ocTaTtka IpoToHa B.
Mexny obbekTaMu A M B Kak pe3ysbTaT LIBETOBOTO B3aMMOICHCTBUS, COIJIACHO JIYHIOBCKOM
MOJC/IM, HATSITMBACTCS PEISTUBUCTCKAS CTPyHA, SHEPTHs KOTOPOIl pacTeT MO Mepe pasjeTa.
Poct HaTsKeHUS TIpomoJKaeTcsl 40 TeX Iop, IOKa He OyaeT NJOCTUTHYTa BO3MOXHOCTb POXKIC-
HUSI KBapK-aHTUMKBApKOBO mapel gq . [Ipy 5TOM MPOMCXOAUT pa3pbiB CTPYHBI C POXACHUEM
qq -niapel B Toukax paspbiBa O, O,, ..., Q . [12]. JaHHbIi NPOIECC MOXET MPOMCXOAUTD
MHOTOKPAaTHO, JI0 TeX IIOp, IIOKA 3TO JOIyCKAeT 3aKOH COXPaHCHMSI SHEepruu-uUMITyjabca. B He-
KOTOPBIX CJIydyasX KBapKuU M aHTUKBAapKM MOIYT OOpa30BBIBATH CBSI3aHHOE COCTOSIHUE, POXKIAs
ME30HBI [2]. DTO MPUBOAUT K IMOJYWMHKIIO3MBHOMY IIYOOKOHEYIIPYTOMY PACCESHMIO 3apsKeH-
HOTO JICIITOHA Ha HEMNOJIIPU30BAaHHOM IIPOTOHE.

B cnyyae kxorma paccMarpuBaeTCsl MOJYMHKIIIO3MBHOE TIIIYOOKOHEYIIPYroe paccesiHue 3apsi-
JKEHHOTO JICIITOHA Ha IOJIIPU30BAaHHOM IIPOTOHE, HEOOXOAMMO, KaK OTMEUEHO BBIIIE, UCIIOIb-
3oBaHue nporpamMmuoro makera PYTHIA8+StringSpinner.

B nmannoit pabore ucnonb3oBanne PYTHIA8+StringSpinner mo3BoamIo mMpoBeCT MOACTN-
pOBaHUE IOJYMHKIIO3UBHOTO IIYOOKOHEYIIPYTOrO pacCesiHUS JIENTOHA Ha IIOJISIPU30BAaHHOM
IPOTOHE B IMala30He HavyalbHBIX dHEPruit /s, = 20 — 100 I'sB. B kayecTBe OmOpHBIX Ha-
YaJIbHBIX SHEPTUil ObUIM paccMoTpeHbl 3HaueHus 20, 40, 60, 80 u 100 I'sB.

IIpu maHHBIX 3HepPrusix ObUIO creHepupoBaHO Mo 100 ThIC. COOBITUI IJIT PACCMOTPEHHBIX
3apsKeHHBIX JIENITOHOB (e*, e”, u*, W) u aaponHos (n°, n*, n~, K*, K~) npu onopHbIX HaYaJIbHbIX
DHEPIUSIX U IPU Pa3IUYHBIX MOJSIPU3ALUIX NPOTOHA (IIPOIOJIbHAS, MOIepeyHasi, a TaKKe IpU
ee orcyrcTBum). M3 Kaxmoro coObITHSI ObUIM IIOJyYEHBI 3HAYeHUs! 4-MMITYJIbCOB KOHEYHOTO
JIETITOHA p, ¥ apOHa p,. DTU JaHHbIe OyIeM Ha3bIBaTh STATOHHBIMU. VICTONB30BaHUE TATIOH-
HBIX JAHHBIX MMO3BOJISIET IOJIyYaTh IIPU IIONEPEYHON MOJsIpU3aly MpoToHa acummerpuu Cu-
Bepca A, , Kommnsa A, v 1pu NpooJibHOM NMOJsIpU3aniy npotoHa — A4 |

B ciyuae monepeuHoN mossipusaluu nNpoToHa s acummerpun Kosuminsza 4. pacnipeneie-
HUE [0 MHOXECTBCHHOCTH N, TIPOTMOPIUOHATBEHO OGuHOMY [14]:

dN,
dededehd Pcol

>

Ocl_i_l)NNST‘ACol Sin(‘PCol’ (1)

rae D, — nenonsgpusaunonHslii dakrop, D, = 2(1 —y)/[1+ (1 = y)’].
B coornoureruu (1) BenmumHa @ | ONpenesseTcs Kak

P =@, T Os T T

e @, — a3MMYTJIbHBIN YTOJI MEXIy TMONepeYHO KOMITOHEHTON BEKTOpa CIMHA S u mocko-
CThIO paccCesiHusl JIENTOHOB; ¢, — a3UMYTaJbHbIA yrojl MEXIy IUIOCKOCTBIO BbUIETA afpOHA W
IUIOCKOCTBIO pacCesHUs JIENTOHOB (puc. 2).
Pacripenesierne Mo MHOXECTBEHHOCTH anpoHa N, juis acummerpun Cusepca Ay, onpenens-
ercs Kak [14]:
dN,

dededehd Qsiy

o 14 8, 4, sin g, , ()

e ¢. =0, — Q..
B ISBILIpa)IéICHI/IéX (1), (2) S, — BekTOp CIIMHA HYKJIOHA, MEPIICHANKYIISIPHbIN KaK K BUPTYallb-
HOMY (bOTOHY, TaK U K BbLJIETAIOLIEMY aJApPOHY.
[py MponoIbHO# MONAPU3ALMK TPOTOHA 3HAYECHUSA ACUMMETPUU A , MOXHO TIOJYYUTh U3
pacrpe/ie/ieHus 10 MHOXKECTBEHHOCTHU aJipoHa N,, KOTOpoe orpeesisiercs Kak [14]:

dNn,
dxydzdpy,do,

B Boipaxkenusix (1) — (3) Mcnosnb30BAIUCH CIEAYIONIUE BETUYUHDI:
2

cl+(1-y)A,sin2¢,. 3)

Xp; — nepeMeHHas1 beépkena [13], onuchiBaioiias 10J10 UMITYJIbCa IPOTOHA, KOTOPYIO

2Pq
HeceT NnapToH (P — 4-uMmIysibc MpoToOHA, ¢ — 4-UMMYJIbC BUPTYaibHOTrO hoToHa, O = — ¢°);
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z :% — 1oJisg 4-uMmyjbca BUPTyaJabHOTO (pOTOHA, MEepeaaHHasl BbUIETAIOLIEMY aIpOHY
[13] (p, — Z—I/IMHYJ‘[bC POXKIEHHOI'O aIpOHA);

P, — TIPOCKIIMST UMITYJIbCA aIpOHa, MEPIEHINKYIPHAs BUPTYaTbHOMY (OTOHY;

h% :% — IOJISI PHEePruM HaJeTalollero JIENTOHA, MepeaaBaeMasi BUPTyaJlbHOMY (POTOHY
[13] ( p/ ;pLi—I/IMHyJIbC JIETITOHA 0 B3aUMOICUCTBUSI).

Puc. 2. KuHeMaruka nmojayuHKIIO3UBHOTO TJyOOKOHeyIpyroro paccesiius [13];
MOKa3aHbl IMJIOCKOCTU AJPOHOB U JIEIITOHOB
(Mcmonb30BaHHBIE 0O003HAUYCHUS CM. B TEKCTE)

OnucaHHBINA CITOCOO pacueTa aCUMMETPHUil ObLI YCIIEIIHO MPOTECTUPOBAH ITyTeM CpaBHEHUS
C 9KCIIEPUMEHTAIbHBIMU JaHHBIMU, NoaydeHHbIMU B 3KkcniepuMeHTax HERMES u COMPASS
[12, 13], 1 mokazan xopollee corjacue IpeacKa3aHUil ¢ 3KCIIEpUMEHTaJbHBIMU pe3yJibTaTa-
Mu. Takoit ycriex Ciay:KUT XOPOILIMM OCHOBAaHMEM IJIsl BHIOOpa M MCIIOJb30BAaHUS B HACTOSIICH
paboTe METOAMKM PACyeTOB IOJIYMHKIIIO3MBHOIO PACCEsHHUS JISNTOHOB Ha IIOJISIPU30BaHHOM
MpoTOHe. B39T nuama3oH HavyalbHBIX SHEPIUi, XapaKTepHbI IS OyAyIIUX 3JIEKTPOH-HUOHHBIX
KoJL1aiaeposB [16].

Kaxk yke oTMedyeHO BbIllIe, KOHKPETHBIE BHIUMCICHUS] MOXHO BBIIIOJHSTH HA OCHOBE HCITIOJIb-
3oBaHud mporpammHoro naketa PYTHIA8+StringSpinner.

Heranu panbHelnero ucnoiab3oBaHusi PYTHIAS nis nmpuMmeHeHMsI reHepaTUBHO-COCTsI3a-
teabHoM cetu (I'CC) mist co3maHus reHepaTopa MOJIYMHKIII03MBHOIO TJTyOOKOHEYIIPYIoro pacce-
SIHUSL 3apsDKEHHBIX JIENTOHOB Ha MOJISIPM30BAaHHBIX IIPOTOHAX MOXHO HalTH B pabote [17] (cMm.
TaM pasaei «MeToauKa UCClIeIOBaHusI» ).

B manHoI1 paboTe B KauecTBe €lle OJHOIO BXOAHOTO MapaMeTpa reHepaTopa (IOIIOJIHUTEIbHO
K KCIIOJIb30BaHHBIM B paboTe [17]) Obu1 moOamieH TUIl mojsipu3auuy mpoToHa. Kpome Toro,
YBEJIMYEHO 10 6 YMCIIO CKPBITBIX CJI0eB TeHepaTopa 1 auckpuMmuHaropa ['CC.

Pe3yabTaTsl pa3padoTKu HEWPOHHOI CeTH W UX 00CYXKIEHHE

Ha puc. 3 npencrapieHbl 3HaueHUsT acuMMeTpur KoJuinH3a B 3aBUCMMOCTHU OT II€PEeMEHHOM
beépkena x,. ; JULS aIPOHOB T U " MpU paccessHUM JIEKTPOHA €~ U MIOOHA LI~ Ha MOMNEPEYHO-
HOJ‘[SI]I)I/I?)OBaHHOM MpOTOHe mpu HavyajabHOU 3Hepruu 40 I'3B. BumHo, 4to acuMMeTpuu, Moy-
yeHHBIe Ha ocHOBe Tipenackazanuii 'CC, ¢ TOUHOCTBIO A0 MOTPEIIHOCTE! COBITANAIOT ¢ MpeacKa-
3aHUSIMMU, IMOJydUeHHBIMU Ha ocHoBe naHHBIX PYTHIAS8-+StringSpinner.

Ha puc. 4 npencraBneHsl 3HaueHUs acumMmeTpun CuBepca B 3aBUCHUMOCTHM OT I€PEMEHHOM
brépkena Xy; V1Sl KAOHOB K~ v nuoHoB 7° mpu paccesiHUU TO3UTPOHA €™ U aHTUMIOOHA |1+ Ha
MOMNEePEeYHO-OISIPU30BAHHOM IIPOTOHE IIPU MHTEPIOJIMPOBAaHHON HavyajabHOI sHepruu 70 I[2B;
pe3ynbTatel TTonydeHbl Ha ocHoBe 'CC m PYTHIA8+StringSpinner. M3 mpeacraBieHHBIX Ha
pucC. 4 TaHHBIX clieayeT, 4YTo reHepatop Ha ocHoBe I'CC coxpaHsieT TOUHOCTh IIpeAcKa3aHusl Ipu
JIpyroii KoHMUrypauuu paccessHus u mjst acumMmeTpuii CuBepca, B TOM YWC/IE€ U IIPU SHEPIUsIX,
KOTOpPBIE HE y4aCTBOBAJIM B IIpOLIECCEe OOYUYEHMUS.
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Puc. 3. I'paduku 3aBucumocreit acummerpun Kosnmnsza 4., oT mepeMeHHO# bbépkena Xy TIPU
paccesiHUM 3JIeKTPOHOB ¢~ (a, b) U MIOOHOB [~ (¢, d) Ha TIOTMEPEYHO-TTOISIPU30BAHHBIX MTPOTOHAX
C POXIEHNEM OTPULATEIbHBIX (117) (a, ¢) M MONOXUTENbHBIX (%) (b, d) MMOHOB.
HavanbHas sHeprus yactui — 40 I'2B.

Hannbie oxydeHsl ¢ momoiubio 'CC (touku ceporo msera) 1 PYTHIAS8+StringSpinner
(TpeyroJIbHUKM YepPHOTO IIBETA)

dov | etpl = et KX a) || etpt = etndX b)
i g iptd Hrgzr T
k3 [y I = X A% i ]
S I SO
GAN
~0.10
?Sg whp! = KX o || ntpt = uta’X d)
I 1
I I
PRFINES SHE S| S SR
x X flleefii o3
t B 1
~0.05
0,10 4 . | |
o 10 Tgj 1072 10-! g;

Puc. 4. I'paduku 3aBucumocteii 3HaueHuii acummerpun Cusepca Ay, OT nepeMeHHo# bbhépkena Xy
MpU paccessHUM TMO3UTPOHOB e (a, b) U aHTUMIOOHOB W' (¢, d) Ha TOMEPEUHO-TOJSPU30BAHHBIX
MMPOTOHAX C POXIECHUEM OTPUIIATEIBHBIX KAOHOB K~ (@, ¢) U HEUTpaJbHBIX MMOHOB T° (b, d).
Hannsie oxydeHsl ¢ momoiubio 'CC (touku ceporo nsera) 1 PYTHIAS8+StringSpinner
(TpeyroJIbHUKM YePHOTO IIBETA)

Ha puc. 5 npezcraBieHbl 3HAYEHUSA ACUMMETPUI A ; B 3aBUCHMOCTH OT 3HAUEHUM TIEPEMEH-
Holi brépkeHa Xy; V1Sl KAOHOB K" 1 mMOHOB 7T~ IpM pacCesIHUM 3JEKTPOHOB ¢~ M aHTUMIOOHOB
" Ha monepeyHo-MOISIPU30BAHHBIX MPOTOHAX NMPU HavyajdbHOU sHepruu 120 ['3B, monyyeHHbIe
Ha ocHoBe I'CC m PYTHIAS8+StringSpinner. AHaniu3 3THUX JaHHBIX MOKAa3bIBAae€T, YTO MOJEJb
I'CC cniocobHa paboTaTh C MPOAOJBHON MOISIpU3alMell IPOTOHA, a TAKXKE MPU SHEPIusx, mpe-

BBILIAIOIINX PACCMOTPEHHBIN 3HEPreTUYSCKUI TMaIla30H MPU 00yUYeHUH (3KCTPaIloJIMpOBaHHBIE
3HAUYEHUS).
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Puc. 5. I'paduku 3aBucmmocrteil acummeTpun A , OT nepemeHHoil beépkena Xy, TPU PacCessHUM
9JIEKTPOHOB ¢~ (@, b) M aHTUMIOOHOB K" (¢, d) Ha TMPOMOJBHO-TIOJNSIPU3OBAHHBIX TIPOTOHAX C
POXIEHNEM TTOJIOKUTEIbHBIX KAOHOB K (a, ¢) M OTpULIATEIbHBIX TTMOHOB 1T~ (b, d).
HavanbHast sHeprus — 120 I'sB.

Hannbie toaydeHsl ¢ nomolnbio 'CC (touku ceporo uBeta) 1 PYTHIA8+StringSpinner
(TpeYroJbHUKN YEPHOTO IIBETA)

3akioyenue

B mpencraBieHHOM MCCaenOBaHUM pa3paboOTaH IPOrpaMMHBIN MakeT (reHepaTop COOBITHIA)
Ha OCHOBE MOJEJIM I'eHepaTUBHO-COCTSI3aTEIbHON CeTU C LIEAbI0 MpeAcKa3aHUsl XapaKTepPUCTUK
KOHEYHOTIO COCTOSIHMS JIEITOHA U AOIOJHUTEIBHOIO afpoHa B pe3y/IbTaTe MOJYUHKIIO3UBHOIO
[JIyOOKOHEYIIPYTrOoro paccestHus JENTOHA Ha MOJSIPU30BaHHOM IIPOTOHE.

YcraHOBIGHO, UTO CO3MAHHBIM I'eHepaTop COOBITUII CIIOCOOEH TOYHO padoTaTh MpU pas3ind-
HBIX KOH(MUIrypalmsx paccesiHus: HaleTaloIIMX JenToHax (e*, e, u*, w), agpoHos (n°, m*,
n-, K*, K7), cOCTOSHUSIX MOJsIpU3allMy IIPOTOHA (IpOomOJibHAasl, IIOMNepeyHasi, ¢ OTCYTCTBUE)
U 3HAUCHMSIX HavyajabHOI 3Hepruu (u3ydeH auaraszoH 20 — 100 I'sB). Kpome Toro, reHeparop
(byHKILIMOHUPYET KaK IpU 3HAYCHUSIX HayaJIbHOI dHEPruM, Ha KOTOPBIX OBbLIO MpPeaBapUTEIbHO
nposeneHo obyuenue (20, 40, 60, 80, 100 I's3B), Tak M NpU MHTEPIOJUPOBAHHBIX DHEPTUSIX
(MexXay OIMOPHBIMM 3HAUCHUSIMU) M 3KCTPAOJIMPOBAHHBIX (3HAUEHMS BHIIIE PAaCCMOTPEHHOTO
JIHara3oHa).

HccnenoBaHus mokasajid, 4TO reHepaTop COOBITUI MOXET TOYHO (C YYETOM ITOTrPELIHOCTEN)
TNPENCKa3bIBaTh PasIM4Hble BUIbI acummeTpuu (4., Ay, 4 ), BOZHUKAOIIKME NPU HATMYUK
MoJisIpU3aliu Yy IpoToHa. IIpym 3TOM TOYHOCTH IIpeACcKa3aHUsSI COXPaHSIETCsS IIPU Pa3IddHBIX
KOH(UTYpALIUSX pacCesIHUs.
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HA OCHOBE KOHUYECKOIO UTTEPBMUEBOIO BOJIOKHA
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Annoranuga. B pabote TmipmBemeHBI pe3yiabTaThl 3KCIIEPUMEHTAIBHOTO WCCICIOBAHUS
BOJIOKOHHOTO Jla3epa, IOCTPOSHHOTO IT0 CXeMe 3aJaf0Iero TeHepaTopa M YCHIJINTE IS MOIITHOCTH,
M3TOTOBJIEHHOTO M3 UTTEPOMEBOTO KOHUYECKOTO SPUN-BOJOKHA C JBOMHOI OO0O0JIOYKON U
MaJjloil BeJIMYMHON CcOOCTBeHHOTO AByjaydenpeinomiaeHus. Ha gnune BoanHbl 1040 HM mipu
IJIATEIbHOCTU UMITyJbcoB 50 1c 1 vactore moBTopeHMst 20 MI'l mocTurHyTra mNuKoBas
BBIXOJAHAs MOLIHOCTh 160 KBT npu cpeaneii mourHocty 160 Br. ITapaMerp KadecTBa Jia3epHOIO
nmyyka M? = 1,15, nuameTp MomoBoro msiTHa — 35 MKM. OmpeneneHbl 3HAUCHUS a3nMyTa,
SIUIUTIITUIHOCTH M CTETICHU TIOJISIPU3aIUM BBEIXOTHOTO M3TYYECHUS U MPOIEMOHCTPUPOBaHA MX
ciabast 3aBUCMMOCTD OT MOIITHOCTU HaKaukW. [IpoBeneHHOE MCCIeqOBaHNUE CTAO CICAYIOIINM
BaXXHBIM IIIarOM B Pa3BUTHUM TEXHOJIOTUM MOIIHBIX MMKOCEKYHIHBIX BOJOKOHHBIX J1a3€POB.
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A PICOSECOND FIBER LASER BASED ON A TAPERED
YTTERBIUM FIBER WITH THE LOW BIREFRINGENCE
A. S. Kozlov &, A. V. Medvedev, E. A. Motorin,
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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 ytterbi-
um double-clad tapered spun fiber with low intrinsic birefringence. A peak output power of
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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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BBenenmne

TexHoJ0russ MOILIHBIX MUKOCEKYHIHBIX BOJIOKOHHBIX J1a3¢pOB OBICTPO pa3BUBAETCs B TEUEHUE
nociaenHero aecsatuiaetus [1]. OHUM HaXomsT ILIMPOKOE MpUMEHEHHe B 00pabOTKe MaTepuajoB,
MenuuuHe U jgurorpaduu. OOBIYHO TaKMe Jia3epbl CO3MAIOTCS IO CXeMe MacTep-OCLWUISITOp,/
yeunauteab MolHocTh (MOYM) (anen. master oscillator power amplifier (MOPA)). Takas cxema
BKJIIOYAET MacTep-OCLUJUISITOP, TEHEPUPYIOIINIT MaJTOMOIIHEIE JIa3€PHbIE UMITYJILCHI C XOPOILIEH
BPEMEHHON 1 MPOCTPAHCTBEHHOI KOrepeHTHOCTHIO, U LIEMOYKY ONTUYSCKUX YCUINTEIEH MOIII-
HOCTH, YBEJIMYMBAIOIIMX SHEPTUIO UMITYJIbCa 0 TPEOYEMOTO YPOBHSI.

OcHoBHasl 1Tpo0OieMa, oOrpaHUYMBAIOIasl IIMKOBYIO MOIIHOCThL Ha BbIXOIE TaKOM
CUCTEeMbl, — BO3HMKHOBEHHE HEXeJaTeJbHbIX HEIUHEHHBIX 3(P(OEKTOB B aKTMBHOM BOJIOKHE
IOCJIeNHEro Kackama ycwieHust. YToObl IpeodosieTh OrpaHUMYEeHMsI, HajaraeMble yYKa3aHHBIMU
adexkTaMu, UCHONb3YIOTCSI aKTUBHBIE OITUYECKME BOJIOKHA CIIeMalbHBIX TUNOB. K HUM OT-
HOCSTCSI, HallpuMep, BOJIOKHA ¢ OOJIBIION ILIOLIanbio MoIbl (auen. large mode area (LMA)),
UMEIINEe HU3KYIO allepTypy 1 OOJIbIION AuaMeTp MOAOBOrO IsITHA (mocTturaeT 14 Mxwm [2]), Mu-
KpOoCTpyKTypupoBaHHbIe cBeToBOAbI [3], 3C-BosmokHa (chirally-coupled-core) [4], aHU30TpOII-
Hble KOHMYecKue (tapered) BOJIOKHA ¢ OOJIBIION IIOIIAABIO MOABI [5]. XapaKTepUCTUKOI MOIII-
HOT'O BOJIOKOHHOIO JIa3epa, BaxKHOU i1 KOT€PEHTHOTO0 KOMOMHUPOBAHUS WIM HEJIUHEHHOTO
peoOpa3oBaHuUs IJIUH BOJH, CIYKUT CTaOMJIbHAsI BHIXOAHAS MOJISIPU3ALIUSL.

HaubGonee pacmpocTpaHeHHBIM Ha TEKYIIMI MOMEHT TEXHMYECKMM pelleHUeM [Jis Ipeo-
IOJIEHUSI YKa3aHHBIX OIPaHUYEHMI CIYKUT MCIOJIb30BaHHE BOJOKHA C OOJIbIIION BHYTpEHHEN
aHuzorporueil [6]. OgHakKo, ecau sl TACCUBHOTO BOJOKHA 3TOT IOAXOJ ObUI YCIIEIIHBIM, TO
B Cly4yae aKTMBHOI'O CBETOBOJA HAaUMHAET BO3HUKATH Pl HEeraTUBHBIX sBIeHUil. [Ipn Hakauke
B 000JI0UYKY BO30Y:KHAIOIIEr0 M3JIyYeHMSI, €r0 YacTh IOIJIOLIAETCS M HarpeBaeT BOJOKHO (Tak
Ha3bIBaeMbIli KBAHTOBBIN Ne(EKT), a 3TO IPUBOAUT K U3MEHEHUIO BHYTPEHHUX HAIMPSLKeHUI B
BOJIOKHE M HeIpeAcKa3dyeMbIM HMCKaxkeHUsIM ero asyaydenpenomienus: (JJIIT) [7, 8]. B urore
M3MEHSIeTCSI COCTOSIHME TMOJISIpU3allii BBIXOJHOTO M3JIyYeHUs Jiazepa.

s pelieHusT 3TOil MpoOJieMbl OBLIO MPEMIOKEHO MCIIOJIb30BaTh aKTUBHOE BOJOKHO C Ma-
JbIM cobctBeHHBIM JIJIIT [9], a ©MeHHO — Spun-BOJIOKHO, [IJIsI KOTOPOT'O 3TOT ITapaMeTp OOBIYHO
cocraisiet okosio 10°® pamg/m.

B paborax [9 — 12] ObLiM 3KCHEPUMEHTAIbHO MCCIEIOBAHbI IIEPBbie IMMKOCEKYHIHbBIE Ja-
3epbl C BBIXOAHOW cpenHeil MolHocThio 10 70 BT M auaMeTpoM MOIOBOIO ISITHA 26 MKM,
noctpoeHHble Mo cxeMe MOVYM, B KOTOPBIX B KaUeCTBE ITOCJICIHErO YCHIMTEISI IPUMEHSIOCh
spun-BoJjiokHO. IIpu 3TOM KCIOJB30BaHKE SPUN-BOJOKHA C IlIaroM BpalleHus ot 7,5 go 30 MM
IMO3BOJIMJIO TIOJYYUTh Ha IOPSIIOK 0oJiee CTAaOMJIbHYIO BBIXOIHYIO IOJISIPU3ALMI0, YeM B ClIydae
MIPUMEHEHUSI aKTUBHBIX CBETOBOAOB C OOJIbIION BHYTPEHHEN aHU30TPOIIUEH.

© Kozlov A. S., Medvedev A. V., Motorin E. A., Savelyev E. A., Temkina V. S., Filippov V. N., 2024. Published by Peter
the Great St. Petersburg Polytechnic University.
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Kpome Toro, B cratesax [10, 11] moka3aHO, UTO COCTOSIHME IOJISIpU3aLIUM U3IYyYEeHUS Ha
BBIXOJI€ aKTMBHOI'O KOHMYECKOTO BOJIOKHA C CHJIbHOM aHMU30TPOIIMEN 3HAYUTEIbHO 3aBHUCUT OT
MOIIIHOCTHY M3JTyYeHUs] HaKauyKK, BBOAMMOTO B 000JI0OUYKY. ABTOPHI 3TUX CTaTeil HaOIIOmanIu Cy-
LLIECTBEHHBIN Apeiid COCTOSIHUS MOJISIpU3allii U3IyYeHUsI Ha BBIXOAE YCUJIUTENISI ¢ KOHMYECKUM
panda-BoJIOKHOM (CIlelIMaIbHOE BOJOKHO C COXpaHEHUEM IIOJIIpU3alluu). YKe IMpU 3HAYCHUU
BBOAMMON MOIITHOCTU Hakauyky 20 BT 3/UIMITUYHOCTD 1 a3MMYT BOJIOKHA U3MEHSIIMCh Ha IECST-
KU rpanycoB. OQHOBPEMEHHO B cTaThe [11] ObLIa IpoAeMOHCTPpUPOBaHA BBICOKASI CTAOMIbHOCTD
BBIXOIHOM IOJISIpM3allMi B YCUJIUTEJIEC CO Spun-BOJIOKHOM, 00JIadalolM HU3KUM COOCTBEHHBIM
HJIIT mpu tex xe 20 BT BBOAMMOII MOIIHOCTY HaKauyku, 0€3 MCIIOJb30BAaHUS KaKMX-JIM0O Mep
[0 CTaOWIM3alMK TeMIlepaTyphbl BOJIOKHA.

Hacrosiast pabora HampaBieHa Ha JajlbHeillee pa3BUTUE TEXHOJOIMU MOIIHBIX ITMKOCE-
KYHIHBIX BOJIOKOHHBIX JIa3¢pOB, MCIOJb3YIOIIMX B KayeCcTBe IOCAEOHETrO KackKaaa YCUJICHUS
aKTMBHOE KOHMYECKOE BOJOKHO ¢ MajabiM coocTBeHHBIM IJIII. Crathsl HalleJieHa Ha MOBBILLIE-
HUE MUKOBOM U CPeIHEeil MOLIHOCTU M3JIy4YeHMsI Jla3epa yKa3aHHOIO TUIIA, a TaKXKe IMOCBSILIeHA
HCCJICAOBAHUIO €ro IOJISIPU3aLMOHHBIX XapaKTePUCTUK 1 UX 3aBUCUMOCTHU OT MOIIHOCTU BBOIU-
MOTO U3JIy4YeHUs] HaKaukKu U BpeMEHU ero padoThl.

Konnyeckoe spun-BoJIOKHO ¢ aBOiiHOi#1 000J104Kkoii (sT-DCF)

B skcnepumeHTax ObLIM MCIIOJIB30BaHbI 00pasibl BojsiokHa ST-DCF, u3roroBieHHBIE BO
O®OpsizuHcKoM duanane MHCTUTYTA paguoOTeXHUKU U 3JIeKTpoHUKM UM. B. A. KorenbHukoBa
Poccuiickoii akanemuu Hayk (PUPD PAH, r. ®ps3uHo MockoBckoit obnactu, Poccust) [9].
CBeToBOIBI OB BBITSHYTHI M3 3arOTOBKH, JIETMPOBAHHON MOHaMU UTTepOust Yb**, oGmamaro-
LIeil CcTymeHYaThIM IpoduiieM MoKa3aTelsl IPeOMJICHUS, IO TeXHOJIOTUM, aHAJIOTUYHOM HC-
MMOJTb3yeMOM 111 TacCUBHBIX [13] m akTUBHBIX KoHMUYecKnX [9 — 13] spun-BoyiokoH. B mpoiiecce
BBITSDKKM 3aTOTOBKY IOJaBajld B BHICOKOTEMIIEPATYPHYIO MeYb CO CKOPOCTbhIO, MEPEMEHHON BO
BpeMEHHU II0 3aJaHHOMY 3aKOHY, UTO ObLIO HEOOXoauMO WISl (POPMUPOBAHUSI ONTHUMAIbHOIO
npoaoiabHoro npoduis [14]. [Ipoduab n3roTroBIeHHOIO BOJIOKHA IpeACTaBIeH Ha puc. 1. Yrio-
BYIO CKOPOCTb BpallleHMsI 3arOTOBKM TakKKe€ BapbMpOBaJM IIPU BBITSKKE BOJIOKHA B IIpedesiax
200 — 300 06/MuH.

CooTHollIeHUEe TMAaMETPOB CEePILIEBUHBI, IIEPBOIl U BTOpOoil obojouek Obu1o 1,0:12,7:15,9, a
YHCIOBBIE anepTypbl 00o0ouek coctassuii 0,13 u 0,27, coorBeTcTBeHHO. [lornoiieHue cepaie-
BUHBI — 850 n1b/M Ha minHe BoiHBI 976 HM. Y nepBoii 000J10YKM ObUIM Cpe3aHbl IBa CETMEHTA,
YTO MO3BOJIMJIO CHU3UTH JIOJII0 BUHTOBBIX MOJI, HE TIPOXOAIINX Yepe3 CepALeBUHY BoJIoKHa. PDo-
Torpadpuyeckoe n3o0paxkeHne Topla Iunpo-
KO 4aCTHU BOJIHOBOAA TaKKe IIPEACTaBICHO
Ha puc. 1. OTMeTuM, 4TO 3TO CTaHIZAPTHBIN
METO[I YBEJIUUYCHUS MOIJIOLICHUSI HAKaUKU B
aKTUBHBIX BOJIOKHaxX [15].

Taxkum oOpa3oM, AuaMeTp BHEIIHENl cTe-
KJISIHHOM O0OJIOUKM IIJIaBHO MEHSIICS OT 85
1o 800 MKM, a TruaMeTp cepAaleBUHbI — OT 5,3
1o 50,3 MM, Garomapsi UeMmy B Y3KOI 4acTu
KOHMYECKOTO BOJIOKHA BO30YXKIajach TOJIb-
KO (dyHmaMeHTanbHas Mmoma. OOIas mInHa
200 BOJIOKHA COCTaBmWja 7,5 M, 1lIar BpallleHUs —

30 mM. Ha BHe1IHIOIO TTOBEpXHOCTb BOJIOKHA

ObUIO HAaHECEHO OTpaXkalollMe IIOKPBLITHE C

. . . . . . ] HU3KUM IT0Ka3aTeIeM IIpeJIOMICHUs (UMCI0-

0 1 2 3 4 5 6 7 8 Bas aneprypa — 0,53), a Ha Hero — 3allUTHOE
Distance from the narrow end, m AKPpUJIAaTHOC IMOKPLITUEC.

3HaueHUe COOCTBEHHOrO ABYJIyYeIlpe-

Puc. 1. IIpodunp mszyyaemMoro ob6pasla BOJOKHA. JOMJIEHUSI (pa3HOCTb MOCTOSIHHBIX pacipo-

[IpencraBieH rpaduk M3MeHEHUsI TUaMeTpa BTOPOil CTpaHEHUsI COOCTBEHHBIX MOJ) IJIsI JaHHOTO

800

700 +

600

500

400

Outer diameter, um
w
= §
=

100 4

00010uKkM 1o miuHe BosokHa sT-DCEF. o6pasia sT-DCF cocraBuna 1,45-107 pan/m;
Ha BcraBke: ¢otorpadus Topua IWIMPOKOIl wvacTu TIOCJIEIHEE OBLIO OIpeesieHO SKCIepUMEH-
BOJIHOBOJIA TajabHO, MeToaoM JIxkoHca [11, 16 — 18].
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E)KCIIepI/lMeHTaJIbHaﬂ YCTaHOBKaA

>

ITo cxeme MOYM 06b11 cOOpaH MaKeT BOJIOKOHHOTO Jla3epa, B KOTOPOM M3TOTOBJIEHHbBIE CBE-
TOBOJIbI MCIIOJIb30BAIMCh B KaUeCTBE aKTUBHOI Cpeabl IOCAEAHET0 KacKana ycuiaeHus (puc. 2).

B kauyecTBe 3amarolliero MCTOYHMKA HMCIOJL30BajiCsl KOMMEpPUYECKM OOCTYIHBIN Jia3epHBIA
IMOI C BOJOKOHHBIM BbIXxomoM (GS-diode), maiayyaroliuii JUHEHHO-MONSIPU30BAHHBINA CBET
nnuHou BoJHBI 1040 HM; 4acToTa IOBTOPEHMSI MMITYJILCOB IIMTEILHOCTBIO 50 1c Oblla paBHa
20 MTI'u. M3nyyeHre MOIIHOCTBIO mopsinka 1 MBT mpeaBapuTeabHO yCUIMBAIOCh OO CPeIHEH
MoIIHoCTH oKoJio 100 MBT ¢ coxpaHeHneM IIKMPUHBI crieKTpaibHoi duHuM S50 nMm (puc. 3), 1mo-

cJie 4Yero BBOAMJIOCH B CepAlIeBUHY y3Koil yactu akTuBHOro sT-DCEF.

Pump (976 nm)
sT-DCF

o

——————————— Cooling plate Collimating ichroic

Spectrum Beam sampler

analyzer
Mirror ?
M? Measurement

1
1
1
System Extension Set\\ H
1
1

miror Signal (1040 nm)

: GS-diode ’ : v _Iei\s_ | e signalodonm) gt
1 |(2040 nm) il Q e it~ ittt et
1

Mir% """" ¥

Beam
profiler

Linear Translation Stage

Puc. 2. Cxema MakeTa BOJIOKOHHOTIO Jiazepa sl UCCAeJ0BaHUS MapaMeETPOB €ro M3ayYeHUs

04

-20

-40 4

-60

Normalized spectral density, dBm/nm

-80

Beam sampler

il

T T
1036 1037 1038 1039 1040 1041
Wavelength, nm

1042

1043

1044

Power meter

Beam splitter

Polarimeter

Puc. 3. CnekTp npeaBapuTesibHO YCUJIEHHOTO U3JIyYeHMs 3a/al0l1lero Jiazepa

st HakKayKy aKTMBHOTO BOJIOKHA MPUMEHSJIACh CUCTEMa U3 ABYX JIa3ePHBIX TUOIOB, U3JTy-
YalolIMX Ha IJIMHE BOJIHBL 976 HM U 00beIMHEHHBIX TIOCPEACTBOM CIUIABHOTO BOJIOKOHHO-OIITH-
YeCcKOro pa3BeTBUTENs. M3aydyeHre HaKaukyu BBOAMJIOCH B 00OJIOUKY IIMPOKON YacTH BOJOKHA
IIpY IIOMOIIY AUXPOUYHOIrO 3epKaja U achepuyecKoil JUH3bl. Bech aKTUBHBIN CBETOBO. pac-
IoJIarajcsl Ha CIelMaJibHOM OXJIaxKAaeMOil IUIMTE TaKUM 00pa3oM, YTOObI CHU3UTH I'PAIUEHT

TeMmIlepaTypbl BHYTPU aKTUBHOI Cpelbl U M30eKaTh TEPMUUYECKOrO MOBPEXISHUS BOJOKHA.
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Bo Bpems1 paboThl 1a3epa NOCTOSIHHO M3MEPSUIMCh €r0 BBIXOAHAsS MOIIHOCTb, CIIEKTP U3JY-
YeHHsI, KaueCTBO ITyuyKa U IOJSIpU3allMOHHBIE XapaKTePUCTUKU U3IYYEHUS: CTEIIeHb MOIsIpu3a-
1Y, SJUIMIITUIHOCTD U a3uMyT. JIJ1s1 3TUX 3aa4 UCIIOJIb30BaIMCh U3MepUTeIb MolIHOCcT! Ophir
L1500W-SH (M3paunb), ciekrpoMetp Ando, aHanu3arop mmydka Thorlabs M2MS-BC106VIS/M
u nojsapumetp Thorlabs PAX1000IR2/M (Bce tpu — npousBoactsa CIIIA). B ciydae HeoOxo-
JIUMOCTM MU3MEPEHUsS PacXOIMMOCTH BBIXOIHOIO ITydKa, youpanau (hOKyCHUPYIOLIYIO JIMH3Y Ie-
pen BXOOHOI 1ejIblo aHalIM3aTopa mydyka. MakcuMallbHBIM AUaIia3oH MepeMelleHU JIMHEeHHOM
MOJBMKKM, HaXOMASIIeHcsl BHYTpU aHalIu3aTopa, cocTaBisti 100 M.

DKcnepuMeHTabHbIE Pe3yJIbTaThl

IMapametrpst ycunenus MOYM. Ha puc. 4 npencraBieHa 3aBUCUMOCTb BbIXOJHON MOIIIHOCTH
BOJIOKOHHOTO Jla3epa OT MOIIHOCTU HAaKauyKM, BBOAUMOM B IIIMPOKYIO YaCTh aKTUBHOTO SpuUn-Bo-
JIoKHa. DM PEKTUBHOCTH MTpeodpa3oBaHMsI U3YUYCHUST HaKauKi U3TOTOBJIECHHOTO HAMU YCUJIUTeE-
ns gocturana 63 %. I1pu MolHOCTY BBoAMMOIM Hakauku 270 BT cpenHsisl BbIXOOHAS MOLIHOCTh
B pexXuUMe UMITYJIbCOB (mauTenbHocTh — 50 mc, yacrora ciemoBaHus — 20 MI'm) cocraBuia
160 Br, nukoBoe 3HAYeHHWE BBIXOAHOW MOIII-
HocTtu — 160 kBrT.

CpenHsia MOIIHOCTb OTpaHMYMBAJIaCh HC-
KJTIIOUUTEIbHO JTOCTYITHOI MOIIIHOCThIO HaKay-
ku. IIpu 3Tom 3pPeKTUBHOCTEL TTpeodpa3oBa-
HUS HEe YMEHbIIaJach C YBEJIUYEHUEM MOIIHO-
CTU HaKauyKu.

Hns1 omnpenesieHUs pa3Mepa MOAOBOIO IISIT-
Ha (MFD) Mbl u3Mepsiii pacxoauMOCThb BbI-
XOIHOIO IIyuyKa U ITOJIb30BAIUCH CAEAYIOIIUM
Slope Efficiency = 63% OTHOIIIEHUEM [JIs1 AU(PPAKLIMOHHOIO IMpeaeia

pacxomumoctu MFD [19]:

. : : . MFD = 4\/nO, (1)
0 50 100 150 200 250

Launched pump power, W rae A= JJIMHa BOJIHBI, o — pacxoanMoCTb
nyJka.
Puc. 4. DOxcnepuMeHTajbHasi 3aBUCUMOCTb WM3MmepeHHBII OuaMeTp MOIOBOTO IISITHA
CpeHel  BbIXOJHOW  MOIIHOCTU  YCWUJUTENS IS UCIOJb30BAHHOIO KOHUYECKOTO Spun-Bo-
(BOJIOKOHHOTO J1a3epa) (CMMBOJIBI) OT MOIIHOCTA JIOKHA COCTaBUJ 35 MKM.

160

B Experimental data

1409 linear approximation

120 4

Output power, W
3 2 3
1 1 1

N
o
1

20

HAKAYKM M ee JIMHEHas annpoKCUMAaLus CIIeKTphl J1a3epHOTO M3JIyYEHUs, MTOJYYEH-
(KpacHas CIIOLIHAs JTMHUS) HBIE TTPU Pa3HBIX MOLIHOCTSAX YCUJIEHHOTO CUT-

Haja, nNpuBeneHbl Ha puc. 5. Kak ciemyer u3

— 18w pE3YJIbTATOB OJKCIIEPUMEHTA, C YBEIMYEHUEM

— 47T W

-20 MOIIIHOCTHY BBIXOJAHOI'O CHUTHajJa pacTeT BKJAI,
BHOCUMBIII M3JTydeHHUEM, KOTOPOE HAaXOIMUTCS
BHE CIIEKTPaJIbHOIO [JMana3oHa 3aJarollero
nasepa. OHO BbI3BaHO (Pa30BOM CaMOMOMYJISI-
LIMeil U YeThIPEXBOJHOBBIM CMEIIIEHUEM.

Mbs1 u3yvyanu popMmy KayCTUKH, a TaKXKe ee
MOIepeUHbIe CeUEHUs] B OJMKHEM M JajlbHEM
nojisgx (puc. 6). [IpuBeacHHBIE pe3yabTaThl, a
TaKXXe BBICOKOE KauyecTBO myudka (M? < 1,3)
(puc. 7) yka3pIBaloT Ha mpeobOiamaHue pyHma-
MEHTAJIbHOM MOIBI BHYTPU aKTMBHOIO KOHU-
YeCKOro CBETOBOIA.

CocTosiHHe MNOJSAPU3ALMHA BBIXOJHOIO H3-
aydeHusa. CoOCTOSIHUSI IIOJISIpU3ALlUM U3JTyde-
Puc. 5. Cnekrpbl J1a3epHOro M3JAy4eHUs HUS Jasepa MPU Pa3HbIX YPOBHSAX BBIXOJHOU
[P pa3HbIX 3HAYCHUSIX CpPeOHEH BBIXOAHOW MOIIHOCTU HAIJIIOAHO IIpeacTaBleHbl Ha cde-

MOIIIHOCTH YCWJICHHOTO CHTHaJIa pe Ilyankape (puc. 8). B paborax [10, 11]
ObUT IIpOBeNeH MOMOOHBINM aHaIU3, OJHAKO OH
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Puc. 6. 3aBucumocTu arameTpa MOJOBOro naTHa (n3MepeH MeromoM 4-sigma (ISO Standart))
OT PACCTOSIHUM 1O IBYM OCSIM MeXIy (POKyCUpYIOLLel JIMH30M U aHaIM3aTOpOM IyukKa.
Ha BcraBkax: ¢ororpacdun gaabHEro U OJIMIKHETO ITOJIei
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Puc. 7. 3aBUCHMMOCTb KauecTBa IMyuyka OT BBIXOJHOU MOUIHOCTU YCUJIMTES

OTHOCWJICS K MajibiIM 3HaueHUsiM (25 BT) MOIIIHOCTM Hakayku, BBOAUMON B OOOJIOUKY aKTUB-
HOTO KOHMYECKOIO SpUn-BoJIOKHA. MBI Xe B IPeICTAaBICHHbBIX 31eCh UCCACAOBAHMSIX MOJABAIN
U3JTydeHHe HaKayKyd MOIIHOCTBIO BILIOTH O0 270 BT, UTO BBI3Baj0 M3MEHEHHUS B COCTOSIHUU
MOJIIPU3ALUM IIPU YBEIMYCHUH MOLIHOCTU BBIXOJIHOTO U3JIyUYCHUS.

C Lelbl0 M3YyYEHUST TOJITOBPEMEHHOI CTAOMJIBHOCTU COCTOSIHUS IOJIIPU3allMM Ha BBIXOZE
YCUJIUTENSL CO SPUN-BOJIOKHOM, MbI IPOBEJIU ABYXYACOBOM TECT IPU IOCTOSHHON BBLIXOTHOM
MOILIHOCTH, paBHO# 125 Bt (puc. 9).

B pamkax uccienoBaHust cpeaHEKBaIpaTUYECKOE OTKIOHEHUE IJIsg a3UMYTa, SJUIMITUYHOCTU
U CTETICHU IOJISIpU3aluu cocTasisio mpumepHo 0,4°, 0,5° u 1,5 %, cooTBeTcTBeHHO. Takoii pe-
3yJIbTaT YKa3bIBaeT Ha BBICOKYIO BPEMEHHYIO CTAOMJIBHOCTb COCTOSIHUS TOJISIPU3ALIMU UCCIICTY-
eMoro HaMM ycuiautens. [lnaBHOe U3MeHEeHUE 3aBUCUMOCTEI, COCTABIISIONIEEe BCETO HECKOIbKO
IPaayCcoB, BbI3BAHO HECTAOMILHOCTHIO TEMIIEPATypPhl BOIbI, OXJIAXKAAIOIIEH BOJIOKHO B IIpoLIecce
DKCIEPUMEHTA.
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Puc. 8. TlpeacraBienue Ha cepe [lyaHkape COCTOSIHUMI MONSIpU3aLMM BbIXOAHOTO
WU3JTy4eHUS TIPU Pa3HbIX YPOBHSIX €0 MOIIHOCTU
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Puc. 9. Pe3yabrarhl 1ByX4aCOBOTO T€CTa XapaKTEPUCTUK MOJISIPU3ALIMU BBIXOJAHOIO
U3JYYEHUs YCUJIUTEJISI C aKTUBHBIM KOHUYECKUM SPUN-BOJIOKHOM.
ITpencraBnensl apeiidbl a3umyTa (BEpXHUM rpaduk), 3JUIMITUIHO