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An experimental study of the plasma opening switch (POS), its dynamics and current characteristics was carried
out using a small-size electron accelerator of direct action with inductive energy storage (IES). The methods for
determining the induced voltage based on experimental current oscillograms have been used. Characteristic current
oscillograms have been obtained. Values of the charging voltage and current for the main circuit have been estab-
lished to provide a maximum induced voltage and the best multiplication factors. The effect of the charging voltage
of the circuit of plasma gun (PG) and the number of PGs on the voltage multiplication has been established. Optimal
delay times between the operation of the PGs and the pulse current generator (PCG) of the main circuit have been
determined. The effect of inductance on the multiplication factor has been determined. Current beams with values
exceeding those of the limiting vacuum current have been obtained for the selected diode geometry.

PACS: 52.75.—d, 94.20.wc, 52.80 Vp, 52.70Kz, 29.30Ep

INTRODUCTION

The direct-action electron accelerators with the IES
and POS are used in the fields that require small overall
dimensions and appropriate weight characteristics that
ensure the maneuverability and the possibility of place-
ment on moving platforms. A wide range of applications
justify the demand for accelerators of this type and the
global interest of scientists in such accelerators [1, 2].

The DIN-2K accelerator is a laboratory prototype of
the systems of this type. It is currently used for the study
of electron beams, virtual cathodes, the combined ef-
fects of ionic and electron radiation on structural mate-
rials and other appropriate phenomena [3 - 14].

This paper delves into the dynamics of the current
charging the inductive line. The dynamics of so-called
total current that exists during the conduction phase in the
coaxial line when the POS has not triggered yet, the
transfer of energy from the capacitive storage device, in
our case from the PCG to the inductive storage device,
when the POS remains open, and the change of the cur-
rent and voltage induced during the POS triggering have
been studied. The voltage induced in the IES with POS
due to plasma current interruption is the key factor
providing the possibility for explosive emission from the
cathode and, consequently, the electron beam and the
virtual cathode that is the source of the electromagnetic
radiation. Thus, specifying the factors that effect and
enable the control of the value of induced voltage is an
important task that ensures the successful implementation
of many technological processes under consideration.

The objectives of this research are to establish the
optimal ranges for parameters of the primary circuit of
the PCG and the circuit of PGs used by the high-current
linear accelerator DIN-2K that guarantees the maximum
values of the induced voltage and origination of the
electron beam.

1. DESCRIPTION OF THE SYSTEM
OPERATION

A general view and schematic diagram of a small-size
direct-action electron accelerator DIN-2K equipped with
IES and POS is shown on Fig. 1 (right). The electrical
circuit diagram of the accelerator is shown in Fig. 2.
When the plasma guns are triggered, the plasma is creat-
ed, and after the set delay time, the PCG of the main
circuit is actuated and the main circuit current I, flows in
the coaxial line through the plasma 12. After a sharp
decrease in plasma conductivity, a pulsed increase in
voltage is observed, which leads to an explosive emission
of electrons from the end of the cathode, as a result the |,
electron beam current arises. The accelerator operation
diagram with main components and physical processes is
shown in Fig. 1 (left). The coaxial electrode system con-
sists of a tubular cathode 3 and a chamber wall 4, which
is the anode. Electrodes are separated from each other by
a high-voltage insulator. The power supply system of the
accelerator consists of PCG 1, which is a capacitive stor-
age device and supplies energy to the inductive storage
device 10 in a pulsed mode. PCG 2 feeds PGs 6, that
injects plasma into the accelerator evacuated volume,
forms a conductivity region with a density of about
ne = 10%...10" cm™. On expiry of the set time, the PCG
1 is triggered and the energy from it is fed through the air
discharger F1 to the accelerator electrode system. The
current lpcg of the PCG begins to flow through the plas-
ma 12. A current-conducting channel is formed in plas-
ma. It moves in plasma towards the end of the cathode
and according to calculations it has an S-shape [15 - 17].
The IES includes the coaxial accelerator chamber up to
the boundary 7, the PCG, the air discharger and connect-
ing high-voltage cables (main circuit below). A change
rate of the current in time defines the voltage multiplica-
tion factor, it can reach several kA/ns in our case.
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Fig. 1. DIN-2K electron accelerator general view and DIN-2K electron accelerator schematic diagram.

1 —is the PCG of main circuit; 2 — is the PCG of plasma guns block; 3 — is the tubular cathode; 4 — is the grounded
accelerator chamber body, anode; 5 — is the anode mesh; 6 — is plasma guns; 7 — is the S-shaped plasma current
front in the POS [15 - 17]; 8 — is the electron beam; 9 — is the virtual cathode (VC); 10 — is the inductive energy

storage block; 11 — is the vacuum diode; 12 — is the POS created by PG; 13 — is the plexiglass end flange, RB1, RB2
are Rogovsky belts, Ipcg — direction of movement of the main circuit current; F1, F2 — controlled air discharges

vacuum

diode

Fig. 2. Electrical equivalent circuit of the accelerator. C1 and L1 are inductance and capacitance, R1is the ohmic

resistance of PCG, C2, L2, R2 are the appropriate parameters of the controlled discharger; C3, L3, R3 — for POS;

C4, L4, R4 — for the vacuum diode; L5, R5 — for feeding coaxial cables; L6, R6 — for vacuum chamber before the POS;
L7, R7 — for the vacuum chamber after the POS

During the POS operation, plasma resistance is in-
creased from 0.01...0.05 Q by approximately two or-
ders of magnitude, which results in an abrupt drop in
current, but without a final disturbance of conductivity.
The greater the current time derivative, the greater the
induced voltage. A decrease in the IES inductance re-
sults in an increase in the main circuit current, and an
increase in the rate of its change during the POS opera-
tion. The induced voltage is applied to the end of the
tubular cathode and when its value exceeds 150 kV, the
conditions appear for the formation of explosive emis-
sion and the electron beam 8. The beam propagating in
the waveguide and bypassing the metal grid 5, when
exceeding the space-charge-limiting current (Iscl) forms a
virtual cathode 9, which is a source of an electromagnetic
radiation. The frequencies provided by the vircator can be
adjusted by the size of the anode-cathode gap (A-C gap).
Thus, voltage multiplication is a determining factor for
ensuring the sequence of many physical processes of
technological importance.

2. TECHNIQUE AND EXPERIMENTAL
METHODS
2.1. DEFINING THE CURRENT AND VOLTAGE

Rogowski coils RB1 and RB2 were used for meas-
urements of the currents in the micro- and nanosecond
time ranges. In particular, for measuring the current in

the energy storage phase in the IES and during POS
opening, and for measuring the electron beam current.
The charging voltage of PGs varied in the range of 6 to
20 kV. The charging voltage at the PCG varied in the
range of 20 to 45 kV. The shape of the current curve
recorded by the Rogowski coil and the recalculated
voltage are shown in Fig. 3. The calculation was made
based on the change in current overtime during the POS

tripping. The well-known formula U = —L% is used. %
is taken from oscillogram. L is calculated using the

2
Thomson formula = TTTZC . The calculated voltage

oscillogram obtained from the experimental current
oscillogram allows us to clearly define the moment of
the origination and completion of the break and in this
case, it is equal to 48 ns, and specify the peak time of
the induced voltage, its shape and estimate the average
values of the induced voltage The beginning of the
current decline and its termination allowed us to esti-
mate the average values of the induced voltage, see
Fig. 3, the section with a slope angle al. Whereas the
flat sections with a sharper slope angle a2 allow us to
estimate the possible maximum voltage values, which
last for a much shorter period of time. The sharper the
angle al, the smaller At and, accordingly, the greater the
rate of current change, which causes higher values of
induced voltage. Based on the resolution of the oscillo-
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scope of 5ns, there is a possibility that the true maxi-
mum voltage values may be higher, over shorter time
intervals. Due to this, in our case, it is more reliable to
operate with average voltage values. The moment of the
POS triggering can be determined by the beginning of
the voltage curve growth. The conductivity restoration
is associated with the voltage curve reaching its initial
level. The lifetime of the beam can be estimated from
the duration of the voltage front, here it’s equal to 20 ns.
This time also corresponds to the process of explosive
emission. The obtained calculated data of the average
values of induced voltage differ from those recorded
using a capacitive voltage divider within 25%.
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Fig. 3. The main circuit current dynamics in the POS
operation time (current interruption time)
and the calculated shape of the induced voltage curve

It also should be noted that considering the limited
resolution of the oscilloscopes used for this purpose,
which is not less than 5 ns, the peak values of the in-
duced voltage can get higher in shorter time intervals.
Therefore, when obtaining the oscillogram, its average
values were also used for the estimation of the induced
voltage according to the results of signal integration.

2.2. POS TRIGGERING STABILITY

To ensure the repeatability of the experiments and
confirm the reliability of the data obtained on pulse-to-
pulse basis, a series of experiments was conducted using
different initial parameters of the main discharge circuit,
and the discharge circuit of the plasma guns, and differ-
ent time parameters of the delay between the operation
of the PG and PCG. The data was analyzed based on the
obtained current oscillograms. The comparison was
carried out according to the amplitude of the currents,
and their ascending and descending fronts. Fig. 4 shows
the oscillograms of five pulses of the main discharge
circuit in the POS operation mode. We can see that the
difference in the amplitude of the maximum current of
the main circuit does not exceed 5%, the spread in the
current change amplitude during the triggering of the
plasma opening switch does not exceed 10%. In energy
accumulation mode, the dynamics of the current at the
front have an absolute coincidence, which is indicative
of that the current in the plasma of the POS, before its
operation, moves along a stable “trajectory” and the
current cord of the circuit breaker begins to “break” in
the same place. The amplitude values of the main circuit
current reach 75 kA, the values of the opening current
are approximately 30 kA, which is 40% of the maxi-

mum value and it is indicative of sufficiently efficient
operation of the POS. When testing the synchronous
operation of the six involved plasma guns, it was found
out that the lagging time between the first triggered gun
and the last gun that is triggered with a delay in time
does not exceed 700 ns (Fig. 5). Such deviations in time
are not critical, considering that the time of the plasma
propagation from the guns to the cathode is approxi-
mately 1 ps, and the time of the plasma generation by
the guns is about 40 ps (Fig. 6). During this time, the
plasma manages to fill the coaxial gap in the radial
section and form a region of quasi-uniform density.
Starting from the fourth half-period of the current, after
13 us, the discrepancies in amplitude and lag are de-
creased. The spread in amplitude does not exceed
2.1 kKA. The average total current from all the guns is
varied in the range of 10 to 12 kA.
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Fig. 4. Oscillograms of the five pulses of the main
circuit in the POS operation mode
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Fig. 5. Oscnlograms of the current circuit of PGs
and the currents of each individual gun
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Fig. 6. Oscillograms of the main circuit in the POS
operation mode and with the circuit current of PGs

Having stable current characteristics, calculating the
operating speed of the plasma opening switch AI/At and
knowing the inductance of the discharge circuit L, we
can calculate the amplitude and specify the nature of a
change in time of the induced voltage.
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2.3. PROCESSES OCCURRING ON VACUUM
DIODE ELECTRODES

For a clearer understanding of the processes occur-
ring in the accelerator during the POS operation, the
imprints of plasma, current and explosive emission on
the cathode were analyzed including the consequences
of the interaction of the beam with the grid and the end
flange of the waveguide.

Fig. 7 presents a photo of the cathode. We can see that
the dendrites sprout from the cathode end, which is indic-
ative of the presence of a high overvoltage at the very
edge. In the inner part of the tube, we can also observe
the rolling layers of cathode material, ~10 mm deep,
which may be due to the recoil force after a fleeting
30...100 ns explosion. The edge of the cathode has traces
of melting. The formed annular beam of electrons is
directed towards the grid. Upon contact with the grid, the
beam forms an anode plasma. Also, the main plasma flow
formed by the guns moves behind the beam at a speed of
5 cm/us, therefore at a distance between the cathode and
the grid of 10 mm, the time of unhindered existence of
the beam does not exceed 25 ns. The consequence of the
interaction of the beam with the grid is its melting and
sublimation. The beam imprints are also observed on the
plexiglass flange and have the form of a ring.

After several hundred pulses, the accelerator cham-
ber was depressurized, and the surfaces of the electrodes
of the vacuum diode were subjected to the analysis. On
the surface of the cathode, we observe a zone of depos-
ited films, i.e. the so-called deposition or emission zone
formed by the material of plasma guns in the area where
the plasma guns are located, see Fig. 8. This zone is
uniformly sprayed and has a brownish-dark shade. The
length of this area is about 205 mm, and it spreads
symmetrically relative to the axis of the guns. The
plasma from the guns reaches the cathode in approxi-
mately 1 ps. Before the PCG is actuated, on average it
takes at least 3 us after the triggering of the plasma
guns, the plasma manages to spread up to 110 mm. The
discrepancies within 25 mm are not significant. The
PCG current flows through the plasma, forming a cur-
rent cord that moves along the cathode. The section of
movement where the current cord breaks is equal to
approximately 160 mm. On this section, the plasma
touching the cathode surface provides the cleaning of its
surface with simultaneous spraying. The section has a
uniformly brightened appearance almost to the very end
of the cathode, which is approximately 145 mm, simul-
taneously with the beginning of the opening at the cath-
ode end, a rapid increase in voltage occurs at a rate of
~ 5 kV/ns, while the current drop rate is ~ 400 A/ns. As

a result, the voltage at the cathode end reaches values
varying in the range of about 200 to 380 kV. These
values are sufficient to provoke explosive emission of
electrons from the cathode end. Fig. 9 shows image of
the surface of the grid rods after 50 pulses. According to
the results of the analysis, the primary specimen has a
contaminated surface. After the treatment with alcohol,
the surface of the primary specimen is still contaminat-
ed, mainly up to 91%. Carbon and oxygen are observed,
which is indicative of the presence of oil films and ox-
ides. Si, Ca, S are also present, which is indicative of
the presence of a human factor, i.e. contact of the man
with the surface. The main elements of the material, in
particular Fe, Ni, Cr are integrally observed at the level
of 6%. After 50 pulses, the distribution of the elemental
composition changes significantly and we get the clean
surface. The number of impurities containing C and O
decreased to 29%. The percentage of Fe, Ni, Cr is in-
creased approximately 10 times to 68%. Copper parti-
cles with sizes of 100 nm to 10 um appear, which is a
consequence of cathode erosion and explosive emission
processes. The surface of the grid has traces of melting.
The grid withstands about 250 pulses before its gradual
destruction begins.

To form a virtual cathode, the current of the formed
electron beam should exceed the vacuum critical cur-
rent. The vacuum critical current or so called space-
charge-limiting current is derived from the formula:
[o=me (3-1)*?
sel™ e ;—b+21n (1’:—;)’
eVy

where y =1 + 5 V, is the induced voltage on the

vacuum diode or beam energy, e, m are the charge and
mass of the electron, y is the relativistic factor, Rc and
Ry, are the inner radius of the anode and the radius of the
beam accordingly, which corresponds to the outer radius
of the cathode, or slightly more due to the non-
magnetization of the beam, d is the thickness of the
annular beam.

Fig. 7. Photo of the processes at the cathode
end (left) and photo of the interaction
of the beam with the anode grid
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Fig. 8. General view of the explosive emission cathode with traces of current-plasma processes after 100 pulses
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Fig. 10 shows the estimated calculated dependences
of the values of the critical vacuum current Iscl as a func-
tion of the induced voltage at fixed geometric values
corresponding to the real plant. Fig. 10 shows that the
vacuum critical current for the expected voltages on the
vacuum diode ranging from 150 to 400 kV does not ex-
ceed 2 kA, which sets a certain limit for the beam current.
The beam current that obtained experimentally must be at
least 2 kA. The obtained experimental dependences pro-
vide current indicators in the range of 6...12 kKA. As it
seen from Fig.11 the experimentally obtained beam
current at least 4 times greater of vacuum critical current
that have been calculated.

15kV 100pm 0004 1

Fig. 9. Photo of the grid using the electron microscopy
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Fig. 10. Dependences of the critical current
on the induced voltage
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Fig. 11. Chronogram of the opening current
of the POS and the beam current

To obtain a maximum induced voltage, the parame-
ters of the circuits are as follows: Upcg =35 kV,
Ups = 16 KV, delay time tgray = 3.6 ps, p = 5-10° Pa.
The resulting multiplication factor was k =8.5. The
induced voltage was 297 kV.

3. EXPERIMENTAL PART

3.1. DEPENDENCE OF THE CURRENT
CHARACTERISTICS AND INDUCED VOLTAGE
ON THE PARAMETERS OF THE MAIN CIRCUIT

To reveal the effect of the main circuit voltage (PCG
charging voltage) on the POS opening rate, POS break-
ing current, POS opening time, the voltage induced
during the opening time, and the voltage multiplication
factor, all operating parameters were fixed values. The
plasma gun capacitors were charged to 16 kV. The PCG
was triggered with a delay of 3.6 ps. The vacuum condi-
tions were not worse than 3-10° Pa. The main circuit
charging voltage was changed from 15 to 45 kV in steps
of 5 kV. The pulses with fixed parameters were repeated
at least 5 times. Figs. 12, 13 shows the dependences of
the current dynamics of the main discharge circuit for
different PCG discharge voltages.
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Fig. 12. Time dependence of the main circuit current
for different PCG voltages
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Fig. 13. Rate of change in the POS current
for different PCG voltages

The main output parameters were studied during the
POS opening at a vacuum of (6:10°...3-10°) Pa and a
diode gap of 8 mm. The POS opening current is equal to
Al, and it is calculated by the difference between the
upper and lower values of the current at the POS opening
stage (see Figs.14 and 4). To do this calculation, a
straight section of the current was chosen in the POS
opening stage, where di/dt is maximum. Al [KA] is the
value of the opening current, where di/dt is maximum.
toreak IS the opening time, where di/dt is maximum. Uayerage
is the calculated average induced voltage. Ldi/dt and
Kmutt = Uaverage/ Upce i the multiplication factor.
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As can be seen from Fig. 14, increasing the charging
voltage allows us to reliably obtain voltage multiplica-
tion factors k., = 6, and an induced voltage sufficient
for the explosive emission from the cathode to take
place. Fig. 15 shows the dependence of the opening
time of the POS on the voltage. The POS opening time
has decreased significantly with an increase in voltage,
according to the exponential tendency. Thus, at a volt-
age of 45kV, the opening time is decreased almost
threefold to 50 ns compared to that for the voltage of
15 kV. Fig. 16 shows that an increase in inductance due
to the reduction of the number of connecting power
cables (marked in Fig. 16 by 1, 2, ..., 6) results in an
increased angle of inclination of the current on its de-
cline during the operation of the circuit breaker and thus
to a decrease in the induced voltage and the multiplica-
tion factor.
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Fig. 14. Dependence of the multiplication factor
on the main circuit voltage
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Fig. 16. The effect of inductance on the current
value of the main circuit and the angle of the curve
during POS operation

The energy accumulation time decreases with in-
creasing charging voltage.

3.2. THE EFFECT OF THE PARAMETERS
OF THE DISCHARGE CIRCUIT OF PLASMA
GUNS ON THE MAGNITUDE OF THE CURRENT
OF THE MAIN DISCHARGE CIRCUIT

An important element of the accelerator is the block
of PGs, which injects plasma into the coaxial system of
the accelerator, forming a plasma bridge of the POS. In
the experiment, the capacitor of the main circuit of the
PCG was charged to 35 kV, the charging voltage on the
capacitors of the guns was changed from 6 to 20 kV in
steps of 2 kV. The vacuum in the accelerator chamber
was not worse than 3-10 Pa. Fig. 17 shows the depend-
ences of the main circuit current with the activation of the
PCG for different values of the voltage on the PGs.
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Fig. 17. Dependence of the main circuit current
on time as a function of the discharge voltage of PGs

We can see that an increase in the voltage on the
guns results in a change of the amplitude of the main
circuit current, increasing it almost three times when
comparing the current curves for 6 and 20 kV. The
amplitude of the opening current of the POS differs by
five times at the same values of the discharge voltage.
The dependences of the main circuit current during the
operation of the POS on different values of the voltage
on the PGs at a POS voltage of 35 kV and other equal
conditions are shown on Figs. 18, 19. The use of low
voltages on PGs is unacceptable and ineffective from
the point of view of ensuring the voltage multiplication.
It should be noted that starting from 8 kV and above the
reduction in the opening time is not observed.

Fig. 18 also shows that the angle of inclination of the
current curves during the tripping of the circuit breaker
is almost the same for all the values of the charging
voltage except for 6 kV, which is indicative of the same
values of the average induced voltage and the absence
of a significant effect on the speed of the current trip-
ping for the charging voltage of PGs.

Fig. 20 gives the time dependences of the number of
guns used for the POS feeding at positive and negative
polarity of the central rod electrode. The number of
guns, their increase from one to six allows us to increase
the amplitude of the main circuit current by 1.8 times.
However, their number does not have a significant ef-
fect on the current change rate, except for the use of less
than three guns.

The number of guns is more important, increasing
their number from one to six allows us to increase the
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amplitude of the main circuit current by a factor of 1.8.
Changing the number of guns, or their type, which
could provide a higher plasma density and its more
uniform distribution in the volume requires further re-
search and improvements.
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Fig. 18. Rate of change of the POS current (during

current interruption) for different PG voltages
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Fig. 19. Time dependence of the main circuit current

for different numbers of PGs used to power the POS
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Fig. 20. Time dependence of the number of PGs used
to power the POS at positive and negative polarity
of the central rod electrode

Fig. 20 also shows that the amplitude values of the
main circuit current are larger, by approximately 5%,
when using negative polarity. Although differences in
polarity can be found, they cannot be considered as
significant for this geometry of the guns.
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Fig. 21. The dependence of delay time on the value
of the multiplication factor

An experimental approximation curve of the effect of
the delay time on the value of the multiplication factor
has been obtained, see Fig. 21. When changing the delay
time between the operation of the PGs and the main cir-
cuit of the POS in the range of 2 to 30 ps with a step of
1 us, it was established that the highest multiplication
factors are in the time interval not exceeding 10 ps.

CONCLUSIONS

The method of determining the induced voltage from
the current oscillograms during the operation of the
plasma opening switch was improved using an in-
creased resolution of the Rogowski belt integrator.
Thus, it was possible to eliminate the need for the ar-
rangement of the capacitive voltage divider plates in the
internal volume of the chamber, which can affect the
studied physical processes.

A maximum multiplication factor is 8.5 at a voltage
of the main circuit of 35 kV. In this case, the maximum
currents of the main circuit varied in the range of 70 to
100 kA, the POS opening currents are equal to 30 kKA,
and the induced voltage is 297 kV. Current beams with
values of 6...12 kA and exceeding those of the limiting
vacuum current have been obtained for the selected
diode geometry.

It has been established that it is possible to obtain the
values of the induced voltage that will result in the explo-
sive emission and formation of an electron beam current
exceeding the critical vacuum current by increasing the
voltage of the main circuit and selecting the optimal volt-
age values of the circuit that feeds the plasma guns.

From the point of obtaining the maximum induced
voltage, the optimal parameters for DIN-2K IES with
POS are as follows: Upcs exceeding 35KV,
Upc = 20 kV, delay time less than 10 ps, and the vacu-
um not worse than 3107 Pa. An increase in the value of
the discharge voltage from 15 to 45 kV results in an
increase of the interruption rate and the curve has more
equal sections, which is indicative of higher coefficients
of voltage multiplication and the maximum values of
the current of the main circuit are increased. An increase
in the voltage results in a linear increase in the multipli-
cation factor. Reducing the inductance and increasing
the number of plasma guns results in an increase in the
output parameters of the accelerator.
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EKCIHEPUMEHTAJIBHE JOCJIIXXEHHS IIVMIASMOBOI'O KOMYTATOPA CTPYMY
HA ITPUCKOPIOBAYI 3 IHAYKTUBHUM HAKOIIMYYBAYEM EHEPTTI

/I.B. Binnixoes, O.M. O3epos, B.B. Kampeuxo, B.1. Tkauos, C.B. Mapuenxo, B.b. IO¢epos, O.B. Manyitnenxo,
LM. Oniwenxo

IIpoBeneHe ekcriepUMEHTAIbHE TOCIiHKEHHS m1a3MoBoro komyrtatopa ctpymy (ITKC), #ioro auHamiku Ha Mao-
rabapuTHOMY €JIEKTPOHHOMY MPHCKOPIOBadi MPsIMOI il 3 iHaAyKTHBHAM HakormayBadeM ereprii (IHE). Bukopucraso
METOJIMKY BH3HAUEHHS iHAYKOBAHOI HANIPYTH 3a €KCIIEPUMEHTATIBFHUMHE OcIiIorpamMaMu cTpymy. OnepkaHo Xapakre-
PHI ocIiiorpamMu CTpyMiB. BCcTaHOBIICHI 3HAYECHHS 3apsiIHOI HAIIPYTH TA CTPYMY OCHOBHOTO PO3PSAHOTO KOHTYPY, II0
3a0e3MeuyroTh MaKCHMAaJIbHY 1HIYKOBaHy HaNpyTy Ta HaiOLnbIm koedinieHTH il MHOKeHH. BU3HadeHU BIUIHB 3aps-
JTHOT HANpyTH KOHTYpPY IJIa3MOBHX TapMarT Ta KUIBKOCTI rapMaT Ha MHOXKEHHS Hanpyry. BusHaueHi onTumanbHi yacu
3aTPUMKH MK CHPalbOBYBaHHSIM IUIa3MOBHX TapMaT Ta I'€HEpPaTOpOM IMITYJIbCHHX CTPYMIB OCHOBHOTO KOHTYDY.
BusnaueHo BIUIMB iHIYKTHBHOCTI Ha Koe(illieHT MHOXeHHs Hanpyru. Ozep)kaHi CTpyMH ITyYKiB €JIEKTPOHIB 31 3Ha-
YEHHSIMH, 110 NIEPEBUILYIOTh TPAHUYHUN BaKyyMHHH CTPYM, U 00paHO1 reoMeTpii BAKyyMHOTO I10/1a.
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