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The circuit of modulator, serving to supply inductive-resistive load in double-pulse mode with currents up to
10 kA and pulse duration of 300 ns, is described. As switching components TPI1-10k/50 thyratrons (pseudospark
switches) with anode voltage up to 50 kV have been used. The results of tests, confirming possibility of the thyratron
reverse dielectric strength recovery within some microseconds after switching of 10 kA forward anode current, are pre-

sented.
PACS: 29.17 +w

1. INTRODUCTION

In various accelerators applications it can be re-
quired to obtain a series of consecutive high-voltage
high-current pulses in a load. In the Budker Institute of
Nuclear Physics SB RAS (BINP) a prototype modulator
capable of formation of a double-pulse burst with volt-
age up to 20 kV, currents up to 10 kA, pulse width of
300 ns in an inductive-resistive load is developed. The
interval between pulses can be varied in a wide range
starting from 2 pus.

In Fig.1 a schematic circuit of modulator, providing
double-pulse load supply is presented. The modulator
consists of two parallel-connected pulse forming net-
works (PFN1 and PFN2), each discharged via corre-
sponding switch (T1, T2) onto a matched load, which
represents a parallel connection of resistor Ri..g and in-
ductor Liead.
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Fig. 1. Modulator schematic circuit

For the first pulse shaping a closing of first switch
T1 is sufficient. When shaping second pulse at the ex-
pense of the second switch T2 closure, to T1 will be ap-
plied reverse voltage equal to load voltage. For this it
will be necessary that during the pause between the
pulses the first switch dielectric strength is recovered
and when closing the second one the former does not
conduct current in inverse direction. In order to decou-
ple one PFN from another magnetic “diode” can be
used; however more effective will be to use switches
with diode characteristics. Such switches are expected
to have inverse dielectric strength recovery time not
more than several microseconds, ideally hundreds
nanoseconds at anode voltage up to 40...50 kV, peak

current up to 10 kA with pulse width up to 300 ns, jitter
below 2 ns and turn-on time below 10 ns.

In various pulsed power installations hot cathode
thyratrons and solid state switches (e.g. IGBT, MOS-
FET as well as SOS-diodes as pick-off valve) are wide-
ly used [1, 2].

Time of inverse dielectric strength recovery of thyra-
trons (#) mainly depends on amplitude and duration of
switching current, anode voltage, voltage rate of rise,
working gas (hydrogen) pressure, grid circuit
impedance. Presence of anode positive voltage, keeping
currents at the level of few mA, increases #r. In normal
circumstances plasma density in the anode-grid space
drops at characteristic time of 2...8 ps. Cathode-grid
area recovers as much as 2...4 times slower. The recov-
ery time of pentode thyratron with hot cathode CX1535
(e2v Technologies) right after 1 kA current switching at
voltage 1 kV, grid 2 bias voltage minus 300 V, grid 2
impedance of 100...300 Q is 3...3,5 ps. Current and
voltage increase leads to sharp rise of #r.

Using different types of high-current IGBTs (100...
200A/1200V) at reliably short leading edge (100 ns) and
fall time (150 ns) it is possible to achieve peak current
via single switches up to 1 kA. On the contrary there is
a problem of serial connection of IGBT assembly at
10...20 kV. The objective appears to be expensive,
labour-intensive and not well-studied at the moment.
Nevertheless, presently at the BINP a development of
solid-state switches capable of switching peak currents
up to 3 kA at forward voltage on the open switch up to
5...10 kV is being conducted.

The main purpose of SOS-diodes [2] is super-fast in-
verse current breakdown. In order to estimate inverse
recovery time of SOS-diodes in pick-off valves circuit a
diode assembly for 2 kA forward current and 40 kV in-
verse voltage was tested. At the start the diode conducts
forward pulse current (2 kA, 300 ns), after which to the
diode with definite delay ATd inverse voltage of 11 kV
is applied with simultaneous diode current measurement
(Fig.2).

It was discovered that inverse current via the diode
(positive polarity) appeared even after 12 ps from the
moment of 2 kA forward current conduction (negative)
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polarity. Thus the following conclusion can be made
that the tested SOS-diodes at 1...2 kA failed to recover
completely in inverse direction with the required period
(2...10 ps).
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Fig.2. Pulse shapes of voltage on a load (beam 1) and
current via SOS-diodes assemblies (beam 2)
A) ATd = 2 us; B) ATd = 12 us. Scales:
beam 1 —2250V/div, beam 2 — 300A/div

2. TPI-THYRATRONS DESIGN
AND TRIGGER FEATURES

The performance analysis and tests of the known
presently switches have shown that the thyratrons with
unheated cathode TPI1-10k/50 [3] (pseudospark switch-
es) are very promising for this application.

The design and arrangement of high-voltage elec-
trodes in respect to insulator of TPI1-10k/50 are typical
for double-gap classical thyratrons — there are anode,
gradient grid, cathode, trigger grid and preionization
electrode.

The main feature, intrinsic to TPI-thyratrons, is an
effective discharge in patented hollow cold cathode,
used as a source of emission.

Fig.3. Schematic drawing of thyratron TPI1-10k/50
supply and triggering
A — anode; Gr — gradient electrode; G1 — grid;
C — cathode; Pr — preionization electrode;
Rh — hydrogen reservoir heater;
R3, R4, C2 — RC divider
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For reliable operation of TPI1-10k/50 thyratrons we
chose a double-pulse triggering circuit (Fig.3). Direct
auxiliary discharge voltage Upsp = 0.8...1.5 kV and
preionization pulse auxiliary discharge voltage
Upip=1...3 kV are applied to the preionization elec-
trode. Forward negative bias voltage Ubias =—(50...
150) V and triggering pulse are applied to grid G1.

The absence of hot (normally up to 850...1150°C)
cathode provides in the cathode area, responsible for
discharge formation, as much as 2-3 times higher gas
density which leads to shorter turn-on time. The absence
of constant electrons emission speeds up a process of
deionization after current pulse advancing. Simultane-
ously it simplifies the thyratron design, relieve it of ad-
ditional power supply and source of heat. There is no
need for forced cooling as well.

It is worth mentioning that absence of hot cathode
results in some more additional improvements. Firstly,
there is no output of cathode active materials (Ba-Sr-Ca)
into an anode-grid space enabling more reliable high di-
electric strength. Secondly, using a patented built-in de-
vice “SNRV” it is possible to build a thyratron capable
of operating without heating at all, i.e. the switch oper-
ating both without cathode heating and, which is even
more valuable, without hydrogen reservoir heating. Si-
multaneously in this design we improve operating pa-
rameters of the switches, including a range of operating
temperatures, simplify circuits in case of high-potential
cathode (or both cathode and anode), provide for “in-
stant” operation readiness. Such a decision in principle
allows to have novel switches, combining best features
of thyratrons, vacuum and spark gaps, solid-state
switches.

3. SWITCHING FEATURES OF TPI1-10k/50
THYRATRON

The results of investigation of switching features of
TPI1-10k/50 thyratron, such as discharge development
time, switching time, turn-on stability, and voltage drop
are described in details in [4]. Presently a modified model
of the thyratron is being commercialized. The tests have
shown that the switch features a qualitative distinction
from a previous model, in particular, the switch features
preionization discharge firing potential (Upr. disch) of
110...150 V (instead of 300...400 V), hydrogen reservoir
voltage range is increased (4Ug = 0.7...1,0 V), which im-
proves its energy, longevity and time characteristics. An-
ode current jitter and discharge delay time (#,) are kept
within 2...4 ns and 50...60 ns respectively in a range Uz
close to the upper limit (5.5...6.0 V). Voltage drop
through the thyratron at pulse current of 5 kA width of
300 ns on the top of the pulse is ~500V, at
10 kA ~ 1000 V, which is less than for conventional
thyratrons in the modes with submicrosecond pulse
width.

The behavior of the thyratron in cases when 20 kV,
300 ns inverse polarity pulse is applied to an anode 2...
10 ps after start of 10 kA, 300 ns forward current pulse
is investigated. In order to tests the inverse dielectric
strength of the thyratron we used the circuit, represented
in Fig.1 without magnetic “diode”.

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2008. Ne 3.

Series: Nuclear Physics Investigations (49), p.132-135.



In Fig.4 a time diagram of load voltage and current
is presented. In the interval #,-f, operating voltage Ulpau
is applied to the load. During a pause between pulses
(t-t;) in the thyratron T1 forward inductor demagnetiza-
tion current occurs, recharging PFN-1 up to definite
voltage Uppn.re,. At the moment when the inductor is sat-
urated by inverse voltage (¢;), PFN-1 recharging voltage
(Uprn-rev) 1s applied to thyratron anode with negative po-
tential leading to thyratron breakdown. It was discov-
ered that for module | Upry.rer | <4 kV the thyratron with-
stands inverse voltage without prefire.

When triggering T2 and discharging network PFN-2
the second voltage pulse Ul occurs on a load with the
given delay (moment #;), which leads to occurrence on
T1 additional inverse voltage drop. Thus the overall
negative voltage applied to thyratron T1 is:

Utrev=Uprn.rev T Uloaa.

Inverse voltage U...,, appearing on anode at the mo-

ment #3;, can lead to thyratron breakdown.
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Fig.4. Experimental pulse shapes on a load
Curve 1 —T1I thyratron current, curve 2 — inductor volt-
age. Time scale: 1 us/div, voltage scale: 2250 V/div;
current scale: 1200 A/div

In Table a dependence of inverse breakdown voltage
module | U,rev-sr | on width of interval between pulses
D= t; — ty at different values of forward anode current
(Ia) is presented. Anode current varied depending on
PFN charging voltage and load resistance. It is neces-
sary to consider that Dy, includes time interval within
which the thyratron conducts current in forward direc-
tion (f-t;) and during which one could not talk about in-
verse dielectric strength recovery in the thyratron.

A dependence of inverse breakdown voltage module on
width of interval between pulses

Doy, s | Uvrevs | /1a, kV/kA
2.6 12.3/3.8

3 17.9/5.8

3.5 18.5/6.2

4 153/17.5

5 19/7.5

6 >24 /10

7 >24/10

8 >24/10

As a conclusion, commonly the less the anode cur-
rent is switched in forward direction the faster a thyra-
tron recovers in inverse direction.

Also it is noticed, that basically the rate of inverse
dielectric strength of thyratron is not affected_signifi-
cantly by the following factors:

1. The negative bias applied to the thyratron grid in
time interval ¢,-¢;. The voltage was supplied by voltage
source 300 V via small limiting resistance (5 Q).

2. The transition from direct auxiliary discharge
Upap to the pulse auxiliary discharge. Supply voltage
Upap was switched off at the moment of thyratron clos-
ing (¢).

3. The closure of preionization electrode via small
resistance (5 Q) to the cathode at the moment of thyra-
tron activation (¢y) for speeding up a process of charged
particles resorption.

4. The setting-up a leveling RC-divider onto a sys-
tem of electrodes “Anode-Gradient-Cathode” (Fig.3).

Meanwhile it was noticed that after conducting for-
ward anode current at the moment of application of neg-
ative anode voltage of several kilovolts to the thyratron,
gradient electrode voltage (Us- — Uc) is hundreds of
volts. It demonstrates that the lower part of anode cham-
ber, limited by gradient electrode, at the expense of
charged particles source (hollow cathode) proximity is
in conducting state and will not withhold total reverse
voltage. It leads to the fact that within the first several
microseconds virtually all negative anode voltage is ap-
plied to the upper part of anode chamber (U,— Ug,). In
this connection a pentode thyratron with additional grid,
screening anode chamber volume from cathode cavity,
is developed and being tested. The application of the de-
sign is expected to increase dielectric strength of cham-
ber U, Gr — U, C.

CONCLUSIONS

The thyratrons with cold cathode TPI1-10k/50
switching peak current up to 10 kA feature a number of
advantages if compared to hot hydrogen thyratrons:

+ absence of power heating circuits;

+ shorter discharge development time and recov-

ery time;

+ lower weight and smaller dimensions;

+ cost-effectiveness.

The absence of hot cathode enables more homoge-
nious distribution of gas density and hence shorter turn-
on time. Simultaneously, it simplifies thyratron design,
relieve it of additional power supply and source of heat.
There is no need for forced cooling as well.

Taking into consideration specific requirements to
the switches in terms of inverse voltage we have defi-
nite presuppositions to decrease inverse dielectric
strength recovery time at the expense of thyratron pen-
tode design application.

As a whole we can conclude that TPI-thyratrons, and
in particular TPI1-10k/50, are the most prospective al-
ternative to the presently known high-current switches,
being pre-eminent in a number of performances.
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INPUMEHEHUWE TUPATPOHOB C IIOJIBIM KATOJOM TIIN1-10k/50 JJISA CO3IAHUSA
MOJIYJIATOPA, OBECIEUNUBAIOIIEIO IMTAHUE WHIYKTUBHO-PE3UCTUBHOM HATPY3KH
B ABYXUMITYJbCHOM PEXXNUME

A.B. Axkumos, IL.B. Jlocaues, B./l. boukos, /I.B. boukos, B.M. /[azunes, B.I'. Yuiuu

Ommcana cxemMa MOXYJIATOpa 00ECHEYMBAIONIEr0 NHTAHWE HHIYKTHBHO-PE3WCTUBHOM HArpy3KH B IBYX-HM-
ITyTECHOM PEeKUME C UMITYJIbCHBIMU ToKamu 10 10 KA u mmrensHOCTRIO mMiTyisca 300 He. B xadecTBe koMMyTa-
TOPOB MCIOIB30BaHbl THpaTpoHs! (pseudospark switches — PSS) TIIN 1-10k/50 ¢ anogupiM Hanpspkerunem 1o 50 kB.
[pencraBiieHs! pe3yNbTAaThl HCIIBITAHUM, TOATBEP)KAAIOIIIE BOZMOXKHOCTh BOCCTAHOBJICHUSI OOPaTHOH 3JIeKTpHUye-
CKOH NMPOYHOCTH THPATPOHA 32 €AMHHUIIEI MUKPOCEKYH/I IIOCIIE TPOTEKaHHs IPSIMOT0 aHOAHOTO ToKa 710 10 KA.

3ACTOCYBAHHA TUPATPOHIB 3 IOPOKHIM KATOAOM TIIN1-10k/50 JJIs1 CTBOPEHHSA
MOIYJIATOPA, 1O 3ABE3IIEYY€ )KUBJIEHHA IHAYKTUBHO-PE3UCTUBHOI'O
HABAHTAKEHHSA Y IBOXIMITIYJIBCHOMY PEXKUMI

A.B. Aximos, I1.B. Jlozaues, B./l. boukos, /I.B. Boukoe, B.M. /[azines, B.I'. Yuiuu

OmnucaHo cxeMy MOZIYJATOpa, IO 3a0e3ledye >KUBICHHS iHIYKTHBHO-PE3HCTUBHOIO HABAaHTAXKCHHA y IBOX-
IMIYITBCHOMY PEXHMi 3 IMITyJTECHHMH cTpyMaMu a0 10 KA i tpuBamicto immynscy 300 HC. Y sSKOCTI KOMMY-
TaTOpoB BHKOpHcTaHi THparpoHu (pseudospark switches — PSS) TITM1-10k/50 3 anomroro Hampyroro mo 50 kB.
[IpencraBneno pe3ynbTaTd BHIPOOYBaHb, LIO MiATBEPMXKYIOTh MOIJIMBICTD BiJHOBJICHHS 3BOPOTHOI 3JIEK-
TPUYECKON MIITHOCTI THPATPOHY 3a OJMHUII MIKPOCEKYH/I ITiCIIs MPOTIKaHHs MPSMOT0 aHOJAHOTO cTpyMy 1o 10 KA.
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