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The paper presents the results of a study undertaken to determine operating modes for a small-size direct-action
electron accelerator with a high-efficiency nanosecond plasma-current switch (PCS). The investigations have shown
that using PCS as a base it is possible to develop small-size nanosecond pulsed high-current electron accelerators
with a voltage pulse sharpening coefficient of about 12, beam (flow) electron energy of 300...400 keV and current
of 100 kA for pulse duration of 30 ns. The ways for improving the PCS and accelerator operating parameter stabil-
ity, increasing the switching current and maximum accessible switching frequency are proposed.
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INTRODUCTION

Development of medium-size high-current electron
accelerators (HEA) can be realized using a combination
of inductive storage rings (ISR) and plasma-current
switches (PCS) [1 - 10]. To perform the proposed de-
sign it is necessary to define the following: design ser-
vice life of HEA and components, as well as its deter-
mining factors; pulse repetition rate and possibility of
stabilizing the output device parameters (current, volt-
age, pulse duration); values of the voltage multiplication
factor within different energy ranges and energy-to-load
transfer; dynamical and integral plasma-vacuum charac-
teristics of the discharge gap; possibility of developing a
small-size pulsed accelerating installation in the
transport variant with parameters: voltage of 200...300
kV; current of 100 kA; pulse duration of several tens ns.

1. EXPERIMENTAL INSTALLATION

Experiments have been carried out on the small-size
electron accelerator DI [10] equipped with a plasma-
current switch (PCS) [6, 9], which is schematically rep-
resented in Fig. 1.

The accelerator is built up of a vacuum chamber
having 200 mm diameter and 350 mm height compris-
ing a system of electrodes, plasma guns and magnetic
coils, pulse current generator (PCG), power supplies for
plasma guns and magnetic field, trigger-pulse and tim-
ing unitnoise-protective means, diagnostic infrastructure
and evacuation post.

Principal electric primary circuit parameters of the
accelerator DI are: central electrode (cathode) voltage,
about 50 kV; storage capacitor capacity, 3 mf; storage
capacitor inductance, 40 nH; plasma current switch in-
ductance, 122 nH; load (diode) inductance, 25 nH;
plasma gun supply voltage, about 15 kV.

Discharge gap filling with plasma has been carried
out using 12 planar-type plasma guns [7] (Fig. 2) uni-
formly spaced in the equatorial plane of the vacuum
chamber (see Fig. 1).

The gun is a two-electrode coaxial system with a
fluoroplastic insulator having a thickness of about
1 mm. The discharge of the capacitor (capacity 0.25 pf,
voltage 15 kV) leads to the breakdown throughout the
insulator ring face and to the formation of a carbon-
hydrogen plasma bunch radially propagating in the di-
rection of the central electrode-cathode.

The experiment over a long period of time demon-
strated a high reliability of this-type guns. Their service
life is not less than 10* pulses. Figs. 3 and 4 present the
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equivalent [7] and principal [6] electric circuit of the
installation under study.

Fig. 1. Schematic view of the accelerator DI:
1 —vacuum chamber; 2 — cathode; 3 — insulator;
4 —anode; 5 — slits; 6 — diaphragm, 7 — central plasma
gun electrode; 8 — plasma gun insulator; 9 — evacuation
pipe; 10 — pressure gauge; 11 — seal ring

Fig. 2. Schematic view of the plasma gun:
1 — central electrode; 2 — insulator; 3 — case;
4 — vacuum seal; 5 — sleeve; 6 — screw nut

2. METHODS AND DIAGNOSTIC TOOLS

For the experiment the following diagnostic tools
were used:

1. The current measurements were carried out with
Rogowski loops (see Figs. 3 and 4): Rp — for measuring
the PCG current and Rd — for measuring the accelerat-
ing diode load current;

2. The cathode voltage was determined using a cali-
brated capacitive divider;

3. The measurement of the density of the plasma in-
jected into the discharge gap using plasma guns and of
the plasma space distribution was carried out with a
microwave interferometers on the separate bench at a
frequency of 35 GHz (their circuits are presented in
Figs. 5 and 6 [6, 10]);
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4. The vacuum condition change in the period of
current switching and after this was recorded with pres-
sure pulse measuring transducers;

5. The control X-ray measurements were carried out
using integral transducers with lead attenuators and
scintillation transducers with photomultipliers.
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Fig. 3. Equivalent electric circuit of PCS:

C — storage capacitor; L¢ — storage capacitor inductance;
Ls — switch inductance; S — switch; L;— load inductance;
D —diode; VD —voltage divider; Rp — Rogowski loope
for measuring the PCG current;, Rd — Rogowski loop
for measuring the load current; 1, 2, 3 — measuring cables

S.D.

Fig. 4. Principal electric circuit: C — cathode;
P1-P4 — plasma guns; C1-C5 — storage capacitors
of PCG and plasma guns, ri1-r2 — rectifiers;, P1-P2 —
dischargers; D.i.1-D.i.2 — discharger initiation units;
T —isolating transformer; L1 — external magnetic field
winding; L2-L5 — high-voltage reactors; M .f.p. —
magnetic field power supply unit; S.D. — synchronizing
device; R.I. — Rogowski loope; V.D. — voltage divider;
X-ray transducer, O — oscillograph
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Fig. 5. Geometry and schematic of microwave probing
of the plasma bunches injected from the outside into the
near-cathode region: 1-4 — plasma guns; G — generator;
P.H. — phase shifter; A — attenuator; F.W. — flexible wave-
guide; P — plunger,; D — detector; O — oscillograph
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Fig. 6. Geometry and schematic of microwave probing
of the plasma injected from the outside into the near-
cathode region designed to measure its transverse
dimensions by the microwave reflection: G — generator;
P — plunger; D — detector; H.A. — horn antenna,

Pl — plasma; R.W. — reflecting wall; At. — attenuator,
F.V. — ferrite valve

3. EXPERIMENTAL RESULTS

3.1. DYNAMIC BEHAVIOR OF THE
INSTALLATION

Measurements were carried out in two modes: operat-
ing mode using simultaneous operation of 4 or 12 plasma
guns at voltage of 9.3 kV; simulation mode using gas (air,
nitrogen, argon) puffing through the inlet valve.

One example of the typical pressure-time depend-
ences in the discharge chamber is shown in Fig. 7. The
leading-edge time is 0.5...1 s and the vacuum regenera-
tion time is of about 100 s. So, despite the high-speed
electrical processes, the pressure is changing rather
slowly. This can occur because of a heating-cooling
process in any of the installation parts, e.g. electrodes.
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Fig. 7. Time dependence of the gaseous mixture
pressure in the PCS chamber observed after the current
switching event at PCG voltage of 27 kV and evacuation
rate of about 80 I/s

3.2. PLASMA, DYNAMIC AND PARAMETRIC
CHARACTERISTICS OF THE INSTALLATION

In PCS the opening switching current is determined
by the density of the plasma generated by the external
plasma guns. Therefore it has been very important to
determine the plasma bunch parameters. Fig. 8 presents
the life-time of the plasma with a critical density
N, >1.7-10" cm™ as a function of the gun voltage.

Fig. 9 presents the time of plasma (N, >1.7-10" cm™)
entering into the central electrode-cathode zone (that in
fact is equal to the plasma filling of the interelectrode
gap) as a function of the same parameter (gun voltage)
in Fig. 8. It has been established that for the plasma gun
operation a so-called training is a characteristic feature.
Vacuum conditions in the system are stabilized after
20...30 training pulses.
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Taking into account the dependences presented in
Figs. 8 and 9 the time of PCG triggering relative to the
plasma gun pulse was, generally, ~15 ps.
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Fig. 8. Life-time of the plasma (N, > 1.7-10" cm™)
in the interelectrode gap as a function of the gun volt-
age: 1 — single-gun operation; 2 — four-gun operation
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Fig. 9. The time of plasma (N, > 1.7-10" ¢m™) entering

into the central electrode-cathode zone as a function
of the gun voltage. Four-gun operation
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Fig. 10. Cross-section dimension (diameter) R
of the plasma (N, > 1.8:10" em™) formation (front)
as a function of time

Fig. 10 presents the cross-section dimension (diame-
ter) R of the plasma (N, > 1.8:10" cm™) formation
(front) as a function of time.

Using the data obtained we estimate the plasma
(having a critical density) front propagation velocity in
the discharge gap. From the average plasma front prop-
agation velocity of ~5-10° cm/s we obtain the time of
discharge gap filling by the plasma (N, > 1.8-10" cm™)
equal to 15 ps that approximately corresponds to the
experimental value of the time delay between the PCG
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and plasma guns triggering. This result is evidenced by
the dynamics of plasma-density radial profile changing
(Fig. 11) after the plasma gun pulse triggering. In
Fig. 11 curve 1 is plotted for the instant of time t=2...4
ps; curve 2 for t =12 ps; curve 3 for t = 20 ps.

The life-time of the plasma having N,, > 1.8-:10" cm”
is ~25 us in the case of four-gun operation and ~50 ps
with 12 guns.

Besides, the relationship N=f(R) evident on the fact
that the gun-injected plasma bunch is composed of two
parts: a fast part with a low density (N ~ 5-10"2 cm™)
and a slow part with a density (V>1.8-10" cm™).

The fast low-density plasma fills the discharge gap
during several ps after plasma gun triggering and the
dense plasma fills the gap during 10...15 ps. Evidently,
just the fast part of the bunch ionizes the neutral gas
which fills the discharge gap and the chamber of PCS.
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Fig. 11. Radial plasma density distribution in the
discharge gap at the instant of time t=2...4 us
after triggering the plasma gun pulses (curve 1),
t=12 us (curve 2), t =20 us (curve 3)

Fig. 12 presents the fraction of the maximum PCG
current switched onto the load (electron diode) as a
function of the energy content of the plasma gun power
supply.

In this series of pulses a maximum PCG current val-
ue was 129 kA. The increase of a number of plasma
guns (quantity of plasma) from 4 (curve 1) to 12 (curve
2) resulted in a significant (25...30%) increase of the
switching current value.
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Fig. 12. Fraction of the maximum PCG current
switched onto the load (electron diode) as a function
of the energy content of the plasma gun power supply:
Al — 4 guns; A2 — 12 guns; A3 — Ar puffing under
pressure of 1.5:107 Torr
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Still more significant (by 50%) increase of the
switching current occurs after the argon puffing into the
PCS chamber under pressure of 1.5-10° Torr (curve 3).
The argon presence increases the plasma density and
plasma life-time due to the higher ionization cross sec-
tion values in the energy range of 20...30 eV.

Besides, the argon presence decreases the recombi-
nation rate of the primary plasma injected from the out-
side. A similar effect was also observed in the case of
carbon-bearing atmosphere (CO,, CO, CHy, C,H,) in
the PCS chamber.

Fig. 13 gives the results of experimental investiga-
tions on the influence of the density of neutral particles
(residual gases) in the PCS chamber on the switching
current value (in o units). It is shown that the dependence
a=f(N,) has a threshold character. The current switching
begins when N,>3.5-10" cm™. If N, > 110" cm” the o
value increases insignificantly (within ~10%).

Fig. 14 presents the maximum values of the diode
voltage U, opening switch current I and pressure in-
crease 4p [6] in the system after pulse triggering.

Maximum values of the voltage multiplication (sharp-
ening) factor, in comparison with the initial one equal to
37kV, can reach values equal to 10...12. The degree of
exacerbation of 7.5 has 75% of the impulses out of 65.

It has been also established that the high switching
current values correspond to the lower values of the
pressure (gas release) increase. Probably it is related
with the change of the charge-mass composition of the
plasma bunch in the cathode zone, as well as, on the

total number of particles in the discharge chamber.
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Fig. 13. Switching current value in o units as a function
of the density of residual gases in the PCS chamber
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Fig. 14. Pulse-to-pulse change of the diode voltage U,
opening switch current I and pressure increase AP

in the system as a function of the pulse-to-pulse
in the series of N=65
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To this increase values corresponding are the single
gas release values equal to 3 n-cm’ per pulse for air, and
0.5...1 n-cm’ per pulse for hydrogen. Fig. 15, shows the
dependence of the multiplied diode voltage on the
switching current (load current) value, generalizing the
experimental results of this investigation.

In other series of experimental pulses observed were
the voltage pulses with a large spread of points, but with
an amplitude to 450 kV and, correspondingly, with a
multiplication factor value equal to 12.

At the same time, as is seen from Fig. 16, the aver-
aged energy of accelerated electrons in the diode, de-
termined using the integral X-ray transducers, is at the
level of 270 keV with a voltage multiplication factor
more than 7 that is within limits of the experimental
error (see Fig. 15).
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Fig. 15. Voltage-current characteristics of PCS
designed for a small-size direct-action electron acceler-
ator demonstrating the multiplied diode voltage
as a function of the switching current (load current).
A minimum thread of experimental points
at Iy=const is <#23%, a maximum one is ~+45%
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Fig. 16. Multiplicity of X-ray radiation attenuation
on the lead absorbers as a function of their thickness:

1, 3 — literature data; 2 — experimental results;
1-200keV; 2270 keV; 3 — 300 keV

CONCLUSIONS

1. Investigations have shown that on the base of a plas-
ma current switch (PCS) with an inductive storage rings
(ISR) [1-10] it is possible to develop small-size pulsed
high-intensity electron accelerators operating in the nano-
second range with voltage pulse sharpening coefficients of
12, beam (flux) electron energy of 300...400 keV, current of
100 kA and pulse duration of 30 ns.

2. Small-size and transportability factor of the accel-
erator DI is demonstrated by its overall sizes
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MAJIOTABAPAUTHBINA YCKOPUTEJBb QJIEKTPOHOB IMPSIMOT'O JEACTBUS C 3®®EKTUBHBIM
IVIASMEHHBIM KOMMYTATOPOM TOKA HAHOCEKYH/ITHOT'O JUAITA3OHA
E.U. Cxkubenko, B.b. IOg¢epos

[IpencTaBneHsl pe3ysbTaThl UCCIENOBAHNN PEKUMOB pabOThl ManorabapUTHOTO YCKOPHTEINS AJIEKTPOHOB Mpsi-
MOTro AeHCTBUS ¢ 3P PEKTUBHBIM I1a3MeHHBIM KoMMyTaTopoM Toka (ITKT) HaHocekyHHOTO nnana3oHna. [TokasaHo,
yro Ha 0a3e [IKT BO3MOXHO co3/laHne MajoradapuTHBIX HMITYJIBCHBIX CHIIBHOTOUHBIX 3JIEKTPOHHBIX YCKOpHUTENIEH
HAHOCEKYH/IHOTO Jiiana3oHa ¢ koadduimenramu o60CcTpeHHs UMITyJIbCa HaNpsDKeHUs 10 12, sHepruei »JIeKTpOHOB
myuka (rmoroka) 300...400 k3B u Toxom 100 kA npu miurensHOCTH uMITyibea 30 He. [IpenokeHs! myTn AJs 1o-
BBIIICHUSI CTabMIbHOCTH pabounx mapameTpoB IIKT u yckopurens B 1enoM, yBEIUUCHHS 3HAYCHUS KOMMYTHpYE-
MOTO TOKa, a TAKKE ITyTH YBEIMUYCHUS MIPEACTHHO JOCTHHKUMOM YaCTOTHI KOMMYTAIHH.

MAJIOTABAPUTHUI TPUCKOPIOBAY EJIEKTPOHIB MPAMOI 1i 3 EPEKTUBHUM
MNJIASMOBUM KOMYTATOPOM CTPYMY HAHOCEKYHIHOTI'O JIATTA3OHY
€.l Ckioenko, B.b. IOghepos

[IpencraBneni pe3yabTaTH TOCTIHKEHb PEXXHUMIB POOOTH MajoradapuTHOrO NPHCKOPIOBaYa €JIEKTPOHIB MPsMOT
Iii 3 epexTHBHUM I1a3MoBUM KomyTatopoM ctpymy (IIKC) nHanocekynaHoro aianazony. [lokasaHo, 1o Ha OCHOBI
ITKC MoxJHBe CTBOPEHHS MAJIOra0apuTHUX IMITYJIECHUX CHIBHOCTPYMOBHUX €JIEKTPOHHHUX HPHCKOPIOBAYiB HaHOCE-
KYHIHOTO Aiama3zoHy 3 Koe(ilieHTaMu 3aroCTpeHHs IMITyJIbCYy HAIpyTH 0 BEIWYHHH, IO JOPIBHIOE 12, eHepriero
eneKkTpoHiB my4ka (moToky) 300...400 keB i ctpymom ~ 100 kA Ha mpoTsi3i 30 He. 3anponoOHOBaHI IUIAXH IS TiJ-
BHUIIEHHS cTabinmpHOCTI pobounx mapamerpiB [IKC i mpuckoproBada B miJIOMY, 301NBIICHHS BEIUYHHN CTPYMY KO-
MyTalii, a TAKOXK IIIAXH 3POCTaHHS BEJIMYMHN IPAHUYHO MOXKJIIMBOI YaCTOTH KOMYTALIiH.
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