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The article presents the results of the development of a system for measuring emittance characteristics of ion sources studied at the
IAP NAS of Ukraine with the aim of obtaining the ion beams with a high brightness. The emittance measurement system is based on
the scheme of an electrostatic scanner and consists of two main parts: the scanner, which moves in the direction perpendicular to the
beam axis using a stepper motor, and the electronic system of control, processing and data acquisition. The electronic system
contains a Raspberry pi 3B microcomputer, precision DAC/ADCs, the high-voltage amplifier of a scanning voltage up to +500 V on
deflection plates of the scanner and a wide range current integrator. The determination of the emittance consists in measuring the ion
beam intensity distribution when the scanner moves along the x-coordinate and the electrostatic scanning along the x” angle. The
obtained two-dimensional data array allows determining the main characteristics of ion beam: geometric 90% emittance, the root
mean square (rms) emittance, the Twiss parameters and phase ellipse of rms emittance, the beam current profile and the angle current
density distribution. To test the performance and functionality of the system, the emittance characteristics of the penning type ion
source were measured. The working gas was helium, and the beam energy varied within 7—-15 keV. At 13 keV of beam energy the
following emittances of the He"™ ions beam was obtained: 90% emittance is 30 ='mm-mrad, rms emittance is 8.4 mm-mrad, and the
normalized rms emittance is equal to 0.022 mm-mrad. The developed system for measuring the emittance of the ion beams is
characterized by a short measurement time of 10-15 minutes.

KEYWORDS: ion beam, electrostatic scanner, Gaussian distribution function, RMS emittance, normalized emittance, Twiss
parameters, Penning ion source.

One of the main tools for conducting elemental analysis of various materials is accelerator machines that use
focused ion beams (FIB). Accelerator FIB-machines are widely used in semiconductor industry, materials science and
lithography. For many years the IAP NAS of Ukraine has successfully operated a FIB ion microprobe installation which
is part of the Analytical Accelerator Complex based on an electrostatic accelerator with a maximum voltage at a high-
voltage terminal of 2 MV [1]. The spatial resolution of the microprobe is about 2 um. To increase the spatial resolution
and make a transition to the submicron field of investigation, it is necessary to use ion beams with high brightness and,
therefore, with the possibly small transverse emittance at a fixed beam current.

In the aim of obtaining high brightness ion beams the research of various ion sources is being conducted at the
IAP NAS of Ukraine. A number of high frequency ion sources have been studied: an inductive, a helicon and a
multicusp ion source [2], as well as a gas field ion source [3]. One of the important parameters of the ion source is
the emittance of an ion beam because it describes the ability of a beam to focus, transport and accelerate. The
concept of the phase space of the ion beam and its emittance is widely used in accelerator physics to describe the
dynamics of the ion beam.

To measure the emittance of ion sources being studied at the IAP NAS of Ukraine, a new system for measuring
the emittance characteristics of ion sources has been designed and manufactured. The system operation is based on the
principle of electrostatic sweep scanner [4]. In comparison with other methods of the emittance measurement [5, 6] such
a scheme allows to develop a more compact measuring system, to perform measurements in a shorter time, and as well
to provide better conditions for automation of the process of measuring the beam emittance characteristics. To test the
performance of the system and check the functionality of its units, emittance measurements of a penning ion source
were carried out.

This paper presents description of the developed emittance measurement system, provides the procedure for
calculating the ion beam emittance, and presents the results of emittance measurement of the penning ion source.

ION BEAM EMITTANCE DEFINITION
The parameters of the ion beam can be well described in terms of the phase space [7-9]. To describe the beam
geometry, an orthogonal system of x, y, z coordinates is used in which transverse axes x and y are perpendicular to the
beam propagation direction (longitudinal axis z). Each particle in a beam has six degrees of freedom: three spatial
coordinates of the particle’s position (x, y, z) and three momentum coordinates (px, p,, p-). With a large number of
particles N, the state of the beam at a certain point in time can be represented by many points with phase density
f,p,z,p,, Dy» P.,t), which is often approximated by Gauss function. The N particles of a beam in 6-dimensional

phase space occupy a certain phase volume which, according to Liouville’s theorem, remains constant when the beam
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particles move under the action of conservative forces. If longitudinal motion of the particles is not coupled to
transverse motion, the 6-dimensional phase volume can be separated into 2-dimensional longitudinal volume and 4-
dimensional transverse phase volume. In the case when the longitudinal momentum p: is constant and much larger than
the transverse momentum, the ratio p./p- (or p,/p:) is equal to the angular divergence x '=dx/dz (or y ‘=dy/dz). And since
p- 1s a constant value, p., p, can be replaced by x " and x " respectively, i.e. by the quantities that can be directly observed.
If there is no coupling between transverse movements in xz and yz planes, the beam can be described by the distribution
of points in two independent planes of the trace space (x, x") and (y, ¥"). In this case the 4-dimensional phase volume
can be separated into its components which form two 2-dimensional phase volumes £, and Q, in trace space (x, x") and
(y, ¥"), respectively.

The emittance in the x-direction is the projection area A.¢ of the phase volume .y, containing 90% of all
representative beam particles, divided by m«:

Ay
Frgo =2 = L1 g (1)
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An analogous definition holds for the emittance in the y-direction. For axisymmetric beams: e.=¢,=¢ [10].

The emittance is a constant of the beam motion if the longitudinal velocity of the beam does not change along the
optical axis. As the beam accelerates its emittance decreases because the transverse momentum of the particles remains
unchanged while the longitudinal momentum increases, resulting in a reduction of x". The quantity which remains
constant at beam acceleration is the normalized emittance formed by multiplying the emittance by dimensionless
relativistic relations § and y, where g = v/ ¢, ¥ =(1—/*)"2. Here v is a particle velocity and c is a light velocity. In

the case of non-relativistic beams we get the expression for calculating of the normalized emittance:
ey =Pre=5-4,610°JE/ 4, Q)

where E is the kinetic energy of the beam, eV, 4- mass number of an ion.

Along with the geometric interpretation of the emittance as the contour area containing 90% of all beam particles,
there is a statistical approach in which the beam is considered as a statistical array of points in 2-dimensional trace
space with the distribution function f'(x, x") [9, 11, 12]. The particles inside the trace space (x, x ") can be considered as a

statistical distribution with average values <x> and(x’) . In this case the root mean square (rms) emittance &qms is
determined as standard deviations from these average values. The equation of the phase ellipse of rms emittance has the
form: yx* +200x' + fx” =¢,

ms >

where a, f and y are the Twiss parameters (the Twiss parameters S and y are not to be
confused with the relativistic relations). At that projections of the equivalent ellipse on the x and x " axis are equal to the
standard deviations o, and O : O, =B, » Ou =~lVEpms » O =—0QE,,, Where o = <x2> , Ob= <x'2> and

X

O, = <xx'> are the second-order moments of the phase distribution function. The Twiss parameters are connected by

the relation: 0 —a’ =1, By substituting the Twiss parameters into this equation, we obtain the expression for
determining the rms emittance:

Es = \/<x2><x'2 > - <xx’>2 =\olol—ol . 3

EMITTANCE MEASUREMENT SYSTEM

The work of the emittance measurement system is based on the principle of operation of an electrostatic
scanner [4], which is a variation of emittance measurement by two slits method [5]. The system of emittance
measurement consists of two main parts: the scanner, which moves in the direction perpendicular to the axis of the
beam, and the electronic system of control, processing and data acquisition. The movement of only one entrance slit
determines the compactness of the measuring system and the speed of measurements.

The scanner (Fig. 1a) contains the entrance (1) and exit (3) slits extended along the horizontal y-axis, two
deflecting plates (2), which are supplied with a saw-tooth electric voltage V, a Faraday cup (8) for measuring the ion
current passed through both the slits. In front of the Faraday cup there is a ring suppressor (4) to inhibit secondary
electrons. The scanner is surrounded by a grounded electrostatic shield and moves in the vertical x-direction using a
stepper motor.

Fig. 1b shows a photo of the scanner without an electrostatic shield. The entrance slit (1) and deflecting plates (2)
are shown in the figure. The total length of the scanner is 145 mm. The Faraday cup is 10 mm in inner diameter and
12 mm in length.
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Figure 1. a — schematic of the electrostatic scanner: 1 — entrance slit, 2 — deflecting plates, 3 — exit slit, 4 — suppressor, 5 —electrostatic
shield, 6 — saw-tooth voltage, 7 — stepper motor, 8 — Faraday cup; b — picture of the scanner (without electrostatic shield), the
entrance slit (1) and the deflecting plates (2) are shown.

The determination of the emittance is concluded in measuring the distribution of ion current intensity Z(x, x ) over
the x-coordinate and x’ angle. At each x-coordinate the ion current passing through both slits is measured with
simultaneous linear change in voltage /" between the deflecting plates. Thus the distribution of the current intensity over
the angle x " is determined. Repeating the measurements with a different value of x-coordinate, we obtain the complete
distribution of the current intensity Z(x, x ).

The relationship between the angle x " and the deflecting voltage ¥ is determined by the condition under which an
ion with charge g and energy qU passing through the entrance slit at the x " angle is deflected and enters the exit slit. In
this case angle x " is determined by the ratio [2]:

x'=V(D-25)/4Ug, 4

where V is the potential difference between the deflecting plates, U is the potential difference that the beam passed
during acceleration, D is the distance between the slits, J is the distance between the deflecting plates and the slits, g is
the distance between the deflecting plates. In this design D=120 mm, =10 mm, g=10 mm, the width of the entrance
and exit slits is s=200 pm. The length of the slits in y-direction is 12 mm.

The electrostatic scanner which contains both the slits and deflecting plates moves in a vertical plane along the
precision guide axes with the help of a stepper motor and ball screw pair passing through the vacuum seal.

In Fig. 2 is shown the control and data acquisition system. The system consists of a microcomputer Raspberry pi
3B (1) by Raspberry Pi Foundation, precision DAC/ADCs, expansion board for Raspberry pi by Waveshare (2), stepper
motor driver (3), wide range current integrator (5), high voltage amplifier for generating sweep voltage on deflecting
plates (6), stepper motor (8), scanner position switches (9), computer with installed user interface software.
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Figure 2. Block diagram of the control and data acquisition system. 1 — microcomputer Raspberry pi 3B, 2 — precision DAC/ADCs,
3 — opto-coupled stepper motor driver, 4 — vacuum chamber, 5 — current integrator, 6 — high voltage amplifier, 7 - electrostatic
scanner, 8 — stepper motor, 9 — scanner position switches.
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The microcomputer Raspberry pi 3B has free software installed: Linux based Jessie operating system; Hostapd;
wi-fi access point DNSMASQ); server DHCP+DNS; Samba; free implementation of the network protocol SMB/CIFS;
Empi program of own development in the high-level language C*.

To form a sweep sawtooth voltage on the deflecting plates a specially developed two-channel high-voltage
amplifier (6) is used. Parameters of the voltage amplifier: the gain is 100, the frequency is 0-1 kHz. Each of the
amplifier channels converts the input signal in the range of 0-2.5 V, which is supplied from the DAC, into the output
voltage from zero to + 250 V. At that voltage on the plates at each moment of time is supported symmetrically opposite
to zero. Thus, the potential difference between the plates is adjustable in the range of =500 V.

The electrostatic scanner moves along the guides using a stepper motor (8). For positioning the scanner, two limit
switches of upper and lower positions and a precision zero-position photosensor (9) are used.

The resolution of the scanner along x-coordinate is determined by a minimum movement step, which is 4.8 um.
Typically the movement step is set to 48 or 96 pm. The range of movement is 0—20 mm.

The angular resolution of the scanner is 1.7 mrad. The ratio between the angle x " and the scanning voltage V is
determined from equation (4) and has the form: x'=2.5V/U . At the maximum value of deflecting voltage V=500 V

and the beam energy U=10 kV we obtain the maximum value of the angle x '=+125 mrad.

EMITTANCE MEASUREMENT PROCEDURE

The measured two-dimensional array of ion beam intensity values Z(x, x") is the distribution of the ion beam
current density in the x-x" phase plane. The number of cells of the matrix Z(x, x") can vary, and is usually equal to
153%201 with cell size 4x=0.098 mm in x-coordinate and 4x =0.385 mrad in x " angle. The unit of measurement of the
array elements Z(x, x ") is nA/(mm-mrad).

The measured array of intensity Z(x, x’) enables to determine the main characteristics of the ion beam: the
geometric emittance gy, the rms emittance &.n5, the Twiss parameters and the phase ellipse of rms emittance, the
distribution of current density over the x-coordinate (a beam current profile) and the current density distribution over the
angle. The total beam current / is proportional to the sum of array values Z (x, x") over all the coordinates x and angles

Xt [ ZZZ(x,x’).

Geometric emittance g9. The projection of a distribution Z(x, x ") on the plane x- x” at a certain threshold value Z,
gives emittance diagram, the area of which divided by m is the emittance of a beam. The threshold value Zj is
determined as follows: a certain value of Z;, is set and the elements of matrix Z(x, x ) whose values are less than Z;, are
zeroed. As a result matrix M(x,x") is obtained. In the process the condition is checked to ensure that:
Y M(x,x')=0,9-2% Z(x,x") . In the result the projection of the matrix M(x, x") onto the x-x " plane forms a contour

containing 90% of all beam particles. The area of this contour divided by m is the emittance &9. The unit of
measurement of the emittance is m-rad or usually mm-mrad. The symbol & is included in the emittance unit of
measurement to indicate that the emittance was defined as the area divided by =.

RMS emittance &ms. The rms emittance is determined from the expression (3). The first order moments(x}, (x')

and the second order moments Gf , ol and o, are calculated from the relations:

SYezes)  LZHzex) | SE(e{)) Z(xx)
i ZZZ(x,xv’(x)_ EXZ(x.x) =)= XXZ(xx)
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Oy ={X")= ZZZ(X’X') ) O = xx>— ZZZ(x,x’) . ®)]

2 2
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They define the phase ellipse equation, which taking into account the average values (x) and (x') has the form:

= (x)? +2a(x = () ~(¥D+ & ~(x) =&, - (7)

Beam current profile. The distribution of current density over x-coordinate is obtained by summing the elements
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of the array Z(x, x") over all the values of the x" angle for each x coordinate:

Z(x)= Z Z(x,x"), nA/mm. (3

The distribution of current density over the angle. A similar way can be done in determining the current
density distribution of the ion beam over the angle. Summing up the elements of the array Z(x, x") over all the values of
the x-coordinate for each value of x " angle we obtain:

Z(x")=XZ(x,x"), nA/mrad. 9

RESULTS OF MEASUREMENTS

To test the performance and functionality of the emittance measurement system, the emittance characteristics of the
penning ion source were measured. The ion source is a penning type ion source with a cold cathode [13]. It is an
economical ion source and it does not create electromagnetic interference disturbing the operation of electronic
equipment. The power consumption of the source is about 5 W, the full ion current is 5-20 pA. The source consists of a
cylindrical anode, a cathode with an aperture for beam extraction and an anticathode. The inner diameter of the anode is
25 mm, the distance between a cathode and anticathode is 43 mm and the diameter of the extraction aperture is 0.8 mm.
A magnetic system consisting of 4 ring ferrite magnets is located coaxial to the anode. The longitudinal component of
magnetic induction on the discharge axis is equal to 0.085-0.09 T, the voltage between an anode and cathode is 5 kV,
the discharge current is 7;=0.22 mA.

The emittance of the penning ion source was measured at a stand for studying the ion sources parameters. The
scheme of the experimental setup is shown in Fig. 3.
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Figure 3. Experimental setup for emittance measurement of a penning ion source.

The ion beam energy varied within E=7-15 keV, the working gas was helium. While measuring the emittancemeter
was located at a distance of 40 mm from the base of the accelerating electrode of the source.

In Fig. 4a is shown a 3-dimensional surface of the current intensity distribution Z(x, x") at the energy £=13 keV.
By its form the current intensity distribution Z(x, x") is close to Gaussian distribution function. In Fig. 4b the 2-
dimensional emittance diagram is presented which is a projection of the Z(x, x") array on x-x' plane. The emittance
diagram depicts the contour of the geometric emittance which contains 90% of all the beam particles. At the beam
energy of £=13 keV the geometrical emittance equals £9y=30 m-:mm-mrad.

The rms emittance is determined from equation (3). With increasing beam energy in the range £=9-15 keV rms
emittance decreases from 10 mm-mrad to 8.3 mm-mrad. At the energy of E=13 keV rms emittance is equal to
&ms=8.4 mm-mrad.

Normalized rms emittance is determined from equation (2) and equals &y, yms =0.022 mm-'mrad. This value of
emittance is conserved when the beam energy changes.

The moments of the first and second orders as well as the Twiss parameters for ion beam with energy £=13 keV

have the following values: (x)=8.4mm, (x')=14.5mrad, o,=19mm, o©,=154mrad, o, =28.2 mmmrad,

y=28.4 mrad/mm, a = -3.35, B =0.43 mm/mrad. These parameters define equation (7) of the phase ellipse of rms



51
System for Measuring Emittance Characteristics of lon Sources EEJP. 3 (2020)

emittance which has the form:28.4(x —8.4)> —6.7(x —8.4)(x' —14.5)+ 0.43(x' —14.5)* =8.4. The graph of the phase
ellipse is shown in Fig. 5a.
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Figure 4. a— 3D surface of the current intensity distribution Z(x, x ") of He* ion beam with energy £=13 keV, b — diagram of the
geometric 90% emittance of helium ion beam in the x-x " plane.

20,
The inclination angle # of the phase ellipse to axis x is given by the expression [7]: 1g20 = %. Considering

x x'

the scale of Fig. 5a this ratio looks like: 1g26 = 20'xx,/mn(0'f Jm—c? /n), where m=12 mm, n=80 mrad. If 0 <0 then

angle 90° must be added to its value. As a result the inclination angle is equal to 6=51".

The position and shape of the ellipse of rms emittance &, in Fig. 5a coincides well with the graph of the geometric
emittance 99 (Fig. 4b). This indicates that calculations of the emittance by geometric and statistical methods are in good
agreement.

In Fig. 5b shows the ion beam current profile calculated from expression (8).
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Figure 5. a — phase ellipse of rms emittance, b — ion beam current profile.

Since the Twiss parameter a< 0, the beam is diverging. The divergence angle is equal to 20,’ =30.8 mrad, and the
beam envelope width (beam diameter) is 20, =3.8 mm.

CONCLUSION

The study of ion sources is being conducted at the IAP NAS of Ukraine in order to obtain the high brightness ion
beams. High brightness beams of charged particles are necessary for use in various FIB-accelerator machines, in
nanotechnology, and ion nanolithography. To measure the emittance of ion beams, a system for measuring emittance
characteristics of ion sources has been designed and manufactured.

The measuring system consists of the electrostatic scanner moving in the direction perpendicular to the beam axis,
and the electronic system of control and data acquisition, which contains a Raspberry microcomputer, precision
DAC/ADCs, a high-voltage amplifier for a scanning saw-tooth voltage up to £500 V, and a wide-band current
integrator.
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The performance of measurement system was checked when measuring the emittance of a penning ion source. The
working gas was helium, the energy of the ion beam varied within 7-15 keV. The beam emittance was determined both
geometrically, measuring the emittance g9 of the phase contour containing 90% of beam particles, and statistically,
determining the rms emittance &.xs. At the beam energy £=13 keV the following values of the emittance are obtained:
£90=30 mmm-mrad, &.,=8.4 mm-'mrad, the normalized rms emittance is equal to &y,m=0.022 mm-mrad. The Twiss
parameters that describe the phase ellipse of rms emittance are determined, and the ion beam profile, the divergence

angle and the beam envelope width are measured. The first moments (x) and <x’> determine the position and direction

of the ion beam propagation. These data can be used to correct the position of the beam during its transportation.

The obtained emittance of 30 m-mm'mrad (or 3.4 m'mm-mrad-(MeV)"? in terms of the ion beam energy) has a
value typical for penning’s ion sources with cold cathode. In particular the penning ion source with cold cathode from
High Voltage Engineering Europa B.V. (HSEE) has the emittance of 3 :mm-mrad-(MeV)"? [14].

This emittance measurement system is characterized by relatively small dimensions and short measurement time
of 10-15 min., which are due to the movement of only one entrance slit and the control of one stepper motor. It
distinguishes the developed system favorably from emittancemeters that use the movement of two slits.

The system for measuring emittance characteristics is designed for the stand researches of ion sources with the
beam energy of tens keV. At the same time, the measuring system can be used in the studies on optimization of beam
transport systems at the output of the small- sized electrostatic accelerators used for elemental analysis of materials with
ion beams.

This work was carried out within the framework of the project No. 0118U004435 of the Scientific Instrument
Engineering Program of NAS of Ukraine for 2017-2019 "Automated emittancemeter for measuring the ion beam
brightness".
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CUCTEMA BUMIPIOBAHHSA EMITTAHCHUX XAPAKTEPUCTHK IOHHUX J’KEPEJI
B.I. Bo3uuii, M.O. Caiixo, O.I'. [lonomapsoB, C.O. Canosuii, O.B. Anekcenxo, P.O. Illyxina
Incmumym npuknaonoi gizuxu HAH Yrpainu
58, eyn. Ilemponasniecoka, 40000 Cymu, Yrpaina

V crarTi npeacTaBiIeHi pe3ysbTaTH PO3POOKH CHCTEMH BUMIPIOBAHHS €MITTAHCHUX XapaKTEPUCTUK 10HHUX JUKEPEJI, TOCIHiKYBaHIX
B I[1® HAH Vkpainu 3 MeToro OTpuMaHHs i0HHUX ITy4KiB 3 BUCOKOIO SICKpaBicTI0. CHCTeMa BUMIpPIOBAHHS €MITTaHCAa BUKOHAHA 3a
CXEMOIO €JEeKTPOCTaTHIHOTO CKaHepa 1 CKJIAJaeThesl 3 ABOX OCHOBHHMX YAacTHH: CKaHepa, SIKMH IepeMIIaeThCsl B HANpPSMKY,
MEePIEeHINKYISIPHOMY OCi Iy4Ka 3a AOMOMOTOI0 KPOKOBOTO JIBUTYHA, 1 €JIEKTPOHHOI CHCTEMH YMpPAaBIiHHS, 300py i 00pOOKH IaHHUX.
Cucrema ynpaBiiHHS Ta 0OpoOKH JaHUX MICTHTh Mikpokomm'totep Raspberry pi 3B, npeuusiitni LIATI/ALII, BHCOKOBOJIBTHHIA
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miJICUITIoBay Ul reHepyBaHHsA Hanpyru £500 B Ha BigxwmisfioyMx IUIACTMHAX CKaHEpa, LIMPOKOIMAINa30HHMII IHTErpaTop CTpyMmy.
BusHadeHHs1 eMiTTaHca MOJArae y BUMIPIOBaHHI PO3MOILTY iIHTEHCMBHOCTI iI0HHOTO ITy4Ka MPH MepeMillleHH] cKaHepa 110 KOOPAWHATI
X 1 eNeKTPOCTaTHYHOMY CKaHyBaHHI 1o KyTy x'. OTpUMaHuii [BOBUMIPHUI MAacCHB JaHUX I03BOJISIE BU3HAYMTH OCHOBHI €MITTaHCHI
XapaKTEePUCTUKK 10HHOTO Iyuka: reoMerpudHuil 90% emiTTaHC, cepelHbOKBaJPaTHYHUI eMITTaHC, napaMerpu TBicca i piBHSAHHA
(a3oBoro eminca cepeIHbOKBAAPATUIHOTO €MiTTaHca, HPOQUIL CTpyMy IIydKa 1 pO3NOMIN WIUIBHOCTI CTPpyMy Mo KyTy. Jlis
MepeBIpKH Mpane3faTHOCTI 1 (QYHKIIOHAIBHOCTI BY3JiB CHCTEMH OYJIM INIPOBEIEHI BHMIPIOBaHHS EMITTAHCHUX XapaKTEPUCTHUK
I0HHOTO JKeperna MeHHIHroBckoro Tuiy. Pobounm razom OyB reniii, eHepris mydka 3MiHIoBanacs B Mexxax 7-15 xeB. Ipu eneprii
nydka 13 keB orpuMaHi HacTynmHi BeJIMYMHH eMiTTaHca Imyuka iowiB He™: 90% ewmirranc pnopiBHioe 30 m-MM-Mpa,
CepeHbOKBAAPATUYHUI eMITTaHC JOpiBHIOE 8,4 MM'Mpaj, BelMYHHA HOPMaji30BaHOIO CEPEIHBOKBAIPATHYHOIO EMITTaHCa
craHoButh 0,022 Mm-Mpaa. JlaHa crcteMa BHMIpIOBaHHsS €MITTaHCa IOHHHX IMYyYKiB XapaKTePU3YEThCS MM 4acOM HPOBEICHHS
BUMIpPIOBaHHS, 110 CTaHOBUTH 10-15 xB.

KJIFOYOBI CJIOBA: ioHHHii ITy4OK, €JIEKTPOCTaTHYHUIA cKkaHep, QyHKUis po3moainy [aycca, cepeaHbOKBagpaTHUHHUI €MITTaHC,
HOPMAaJIi30BaHUI eMiTTaHC, mapamMeTpy TBicca, IEHHIHTOBCKE JHKEPEJIO 10HIB.

CUCTEMA U3MEPEHUSA DOMUTTAHCHBIX XAPAKTEPUCTUK HOHHbBIX UCTOYHUKOB
B.N. Bo3uslii, H.A. Caiixo, A.I'. [lonomapes, C.A. CanoBoii, O.B. Anexcenko, P.A. lyauna.
Hucmumym npuxnaonoii pusuxu HAH Ykpaunwvl
58, yn. Ilemponasnosckas, 40000 Cymei, Yrpauna

B craTtbe mpexacTaBieHbl pe3ynbTaThl Pa3pabOTKU CHUCTEMbl H3MEPEHMS SMHUTTAHCHBIX XapaKTEPHUCTHK HOHHBIX HCTOYHHUKOB,
uccnenyemsix B UIId HAH YxkpauHsl ¢ 1esbl0 MOTy4YeHUsI HOHHBIX ITyYKOB C BBICOKOW SpKOCThIO. CHcTeMa U3MEpEeHHs 3MUTTaHCa
BBINOJIHEHA 10 CXEME IEKTPOCTATUYECKOr0 CKaHEpa U COCTOUT U3 JABYX OCHOBHBIX uYacTeil: CKaHepa, KOTOpBIA mepeMelacTcs B
HAaIpaBJICHUH, NEPIEHIUKYJIIPHOM OCH IyYKa C ITOMOIIBIO IIArOBOTO ABUTATEINs, M IEKTPOHHON CHCTEMBI YIpaBieHHs, cOopa 1
o0pabotky maHHBIX. CHcTeMa ynpasieHHS W 00pabOTKM TaHHBIX COJEPKHT MHUKpokoMmbiotep Raspberry pi 3B, mpenmsmonHbe
LIAIT/ALIII, BBICOKOBOJIBTHBIM YCHJINTENb CKaHUPYIOMEro HanpspkeHuss 1o +500 B Ha OTKIOHSIONMX IDIACTHHAX CKaHepa,
MIMPOKOANANIA30HHBINH HHTErpaTop Toka. OnpeneneHne 3MUTTAHCA COCTOUT B U3MEPEHHHU PACMIPEEIeHNUs] HHTEHCHBHOCTH HOHHOTO
My4Ka MpU NMepeMEIeHNH CKaHepa M0 KOOPJMHATE X U 3JIEKTPOCTATUUECKOM CKaHMPOBAHHUM 1O yriry x . IlomydeHHBIN qByMepHBIi
MacCHB JaHHBIX MO3BOJIAET ONPEAEIUTH OCHOBHBIE SMUTTAHCHBIE XapaKTEPUCTUKH HOHHOTO ITyuKa: reoMmeTpudeckuit 90% smutraHc,
CpeHEKBaAPATHYHBINA SMUTTAHC, MapaMeTpsl TBHCca U ypaBHEHUE (a30BOTO 3IUIMIICA CPEAHEKBAAPATUUHOTO SMUTTAHCA, MPOGUITH
TOKa ITy4Ka ¥ paclpe/eseHre INIOTHOCTH ToKa 110 yriy. s nmpoBepku paboToCOCOOHOCTH U ()YHKIMOHATIEHOCTH y3JIOB CUCTEMBI
MIPOBEACHBI M3MEPEHHST SMUTTAHCHBIX XapaKTEePHCTHK HOHHOTO MCTOYHHUKA IIEHHUHTOBCKOTO THHA. PabounM ra3oM SIBISUICS TelHH,
SHEprus IMydka U3MEHsUIach B mpenenax 7-15 kaB. Ilpu sHepruu nmyuka 13 xoB noiydeHsl cnefyromuye BeIMYUHBI SMUTTAHCA IIy4dKa
nonoB He™: 90% omurranc paseH 30 m-MM'Mpaj], CpEJHCKBAJPAaTUYHBI SMHTTAHC paBeH 8,4 MM-Mpaj, HOPMaIM30BaHHbIN
CpeqHeKBaApaTU4HbId sMuTTaHc cocraBmsier 0,022 mm-Mpan. JlaHHas cucTeMa UW3MEPEHHS OMUTTAHCA HOHHBIX IYYKOB
XapakTepHu3yeTcs MajbIM BPEMEHEM IPOBEICHUS U3MepeHHs, cocTaBisaomuM 10-15 Mun.

KJIIOUYEBBIE CJIOBA: noHHBIIT My40K, 3JI€KTPOCTATHYSCKHI CKaHep, pyHKUUs pacnpeneneHus [aycca, cpeqHeKBaApaTHIHBIN
SMUTTAHC, HOPMAIIM30BaHHbIA 3MUTTAHC, MapaMeTprl TBUCCA, TEHHUHTOBCKUI HCTOUHUK HOHOB.





