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In the earlier paper description of existing at INR DTL crowbar system and some proposals, increasing its effi-
ciency, were considered. Really it was a question of replacement of the bypass crowbar by the series crowbar
system. The last one can be used as RF exciting of accelerator cavities is realized by means of vacuum tube power
RF amplifier (PA) with plate pulse supply. At that, vacuum tube has to be used in the anode modulator regardless of
the method of RF power control. For the last year the new series crowbar system, using the possibilities of the
"hard" modulator, was installed at all DTL RF systems of the INR accelerator. The system was successfully tested
during 700 hours of continuous accelerator operation. Some peculiarities and results of new system functioning are

discussed.
PACS: 29.17 +w

1. INTRODUCTION

The necessity of crowbar system is caused by the
danger of powerful vacuum tubes damage due to break-
down of anode-grid gap and full discharge of the modu-
lator supply storage capacities. At the INR linear accel-
erator there are two high-priced powerful vacuum tubes,
which have to be protected from breakdowns by means
of crowbar system: anode modulator output triode GMI-
44A and RF output power amplifier (PA) triode GI-54A
or GI-71A, which last time is a substitute for GI-54A
[2]. However, as follows from long-term observations,
the overwhelming part of the breakdowns takes place in
the anode-grid cavity of the PA; hence, the crowbar sys-
tem also considerably reduces damages of the anode-grid
cavity surface due to breakdowns. View of inner surface
of the PA coaxial anode-grid cavity after long-term op-
eration is a strong evidence of the breakdown conse-
quence. Reasons of breakdowns are different and con-
nected with over voltages in the PA anode-grid cavity,
appearing at the rising and falling edges of RF pulse [3],
and with breakdowns in the coaxial transmitting line or
in the accelerator cavity. It follows to mention that very
often the breakdowns in the PA cavity are initiated by
burning of contacts in tuning devices or in butt joints.

There are a few well-known methods of breakdown
voltage increasing in PA cavities and transmitting lines
but each of them greatly complicates the design, opera-
tion and repair of the RF system. That is why the opera-
tion of the INR DTL RF system is protected by crowbar
system only. Below the main peculiarities of the bypass
and series crowbar systems are considered in detail.

2. BYPASS CROWBAR SYSTEM

The bypass crowbar system (BCS), presented in
Fig.1, had been in operation for 20 years. As a storage
device in the modulator high voltage supply artificial
forming line (AFL) with impedance 24 Ohm and time
discharge 400 ps had been installed. The AFL imped-
ance limits the value of breakdown current and that al-
lows using thyristors with current near 1 kA as the dis-
charge device. In turn, the discharge device consists of
110 thyristors in series for fast discharge of the AFL
capacities and dissipation of the energy, accumulated in
the storage. In Fig.1 the high voltage supply circuit is
shown, where IVR — induction voltage regulator, HVR —
high voltage rectifier, CB — high voltage circuit breaker,

CP-current protection relay. The last one is in series
with the HVR choke and protects the rectifier from the
current load, exceeding the set point value SP1. More-
over, in Fig.1 the main components of the amplitude
feedback are shown: amplitude detector AD, signal
from which is compared with set point value SP2, sum-
marizes with that of and after PI controller comes at the
premodulator (modulator driver) input. The pulse trans-
former between the premodulator and the modulator
vacuum tube GMI-44A separates high and low voltage
circuits.
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Fig.1 Block-scheme ofthe DTL RF system
with the bypass crowbar system

Operation of the crowbar system starts in result of
exceeding of current transformer (CT1) output signal
the set point value SP3. Value of the set point, as a rule,
is twice higher than load current — dc component of
current through RF power amplifier vacuum tube. With
delay 15...20 ms after starting of the BCS thyristors
high voltage breaker CB opens the high voltage circuit
between the induction regulator IVR and the rectifier
HVR. Without BCS operation the breaker is controlled
by the current protection relay but with greater delay —
(80...100) msec. The necessity of fast switching off the
high voltage supply circuit by means of CB is connected
with peculiarity of BCS. The point is that operation of
the crowbar system really results in short circuit of high
voltage rectifier during discharge of the AFL. At that
dangerous over voltage in the storage capacities appears
due to the high value of choke inductance (12 H) at the
HVR output. In Fig.2 results of modeling by means of
Micro Cap 7, which are in good agreement with meas-
urements, are presented [1].

In Fig.2 upper trace corresponds to AFL voltage dur-
ing RF system operation with repetition rate 50 Hz and
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pulse length 400 ps right up to the crowbar starting,

after which switching off RF system operation occurs.
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Fig.2. Over voltage in the AFL in result
of the bypass crowbar system operation

Lower trace shows high voltage rectifier current.
One can see that after discharge of the AFL in result of
the BCS operation recovery of the AFL capacities
charge takes place with ~ 50% over voltage. Maximum
value of the over voltage is achieved in ~30 ms and
maximum value of rectifier current in ~ 15 ms after
crowbar starting. Thus, the AFL recovers its charge for
one period and, despite of HV supply opening, break-
downs can repeat if only modulator driving won’t be
switched off right away after BCS operation. It is sig-
nificant that the maximum value of current nearly four
times exceeds the previous one and can be a reason of
CP relay operation. Thus, opening (by means of CB)
high voltage supply circuit in 15...20 ms after BCS op-
eration allows avoiding the dangerous over voltage and
reducing a possibility of breakdowns in the anode mod-
ulator due to the over voltage. So, each time after BCS
operation the modulator HV supply of the RF channel is
switched off and beam accelerating is stopped. Recov-
ery of the RF channel takes place only in 15...20 min
due to long process of the DTL cavity warming up after
switching off RF channel [4]. That is why any operation
of the bypass crowbar system results in decreasing of
the efficiency accelerator operation as a whole.

During all previous years the behavior of the bypass
crowbar system was carefully studying and a few modi-
fications have been done, directed at improving of the
crowbar system operation and decreasing of the false
operation:

e "Temporal gates” had been installed at the premodu-
lator (see fig.1) input to exclude a false drive of the
modulator, which could be a reason of a false opera-
tion of the BCS.

e A part of the equipment had been shifted from the
AFL location closer to the vacuum tube GMI-44A
and the control devices, so that to decrease a cou-
pling between high and low voltage equipment.

e The structure of the AFL was changed in order to
provide for the reliable cutoff of the thyristors after
the AFL discharge [1, 5].

e Interference immunity to false drive of the scheme,
opening the thyristors, was increased.
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Nevertheless, the significant improvement in the
BCS operation hasn’t been achieved. At that, it was
occurred that the most part of BCS starting didn’t con-
nect with the real breakdowns in the modulator and RF
power amplifiers vacuum tubes but were caused by false
pickups. And there are a whole series of reasons, ex-
plaining this occurrence. Let’s mention the main ones.

e Accommodation of the devices, controlling thyristors
of the BCS, directly near high voltage charged AFL.

e Long length of communication between different
parts of the DTL RF channel. At that, separation of
high-current and low-current circuit communications
is often lacking.

e  Separation of the grounding networks for measuring
and power devices is also lacking. So large value of
current in the common grounding networks might be
a source of disturbances for the control and measur-
ing equipments.

e Large values of the high voltage supply disturbances
in result of BCS operation in one from the RF chan-
nels. That can be a reason of over voltages and
breakdowns in the near by RF channels almost si-
multaneously with the first one.

e  Availability of common for all RF channel systems,
such as the master oscillator and pulse synchroniza-
tion, by way of which a stray coupling between RF
channels can appear.

e Operation of a hundred high-speed thyristors in se-
ries during discharge of the AFL can be a source of
disturbances.

Accumulated long experience has allowed getting
over to new series crowbar system (SCS).

3. SERIES CROWBAR SYSTEM

Conversion from the bypass to the series crowbar
system wasn’t spontaneous one. First of all in the
framework of the BCS a possibility of the fast circuit
breaker CB switching off from current transformer CT1
(see Fig.1) was considered. At that, after discharge of
the AFL (in result of BCS operation), driving of the
anode modulator was interrupted during a few sec. Dur-
ing this time, on the one hand, accelerator cavity detun-
ing wouldn’t exceed 5...10% cavity pass band and, on
the other hand, a broken gap had time for recovery. In
this case starting of the BCS wouldn’t be accompanied
by a long (a few minutes) interruption of the accelerator
operation. But, as follows from Fig.2, CB switching off
results in increasing of the current protection relay (CP)
set point SP1 in a few times, so that the BCS operation
wasn’t accommodated by high voltage supply opening
and long interruption of the accelerator operation. Thus,
the attempt to shorten the accelerator downtown during
BCS operation resulted in decreasing of the current pro-
tection sensitivity and 50% GMI-44A plate over voltage
(see Fig.2).

The next step assumed the full switching off of the
BCS; at occurrence of breakdown (during RF pulse)
driving of the anode modulator was interrupted for a
few second, beginning with the next pulse. As in previ-
ous case during this time accelerator cavity detuning
would change insignificantly and ionization in broken
gap would be decreased to the extent that the repeated



breakdown (after recovery of the modulator driving)
wouldn’t appear. But the tests showed that response of
the HV supply at the breakdown didn’t differ from that
of at the BCS thyristors starting. In both cases full dis-
charge of the AFL took place. It means that the depend-
encies, presented in Fig.2, are also true in a case of
breakdowns with switched off BCS. Moreover, for re-
alization of the system it is need to decrease the sensi-
tivity of the current protection relay CP.

It follows also to add that though limiting of the
breakdown current (by the AFL impedance), the most
part of the energy, accumulated in the AFL, is dissi-
pated in the broken gap. In the INR DTL RF system
value of energy, stored in the AFL, nearly twice exceeds
the energy, consumed from the AFL during regular op-
eration. So, even the single breakdown can result in a
damage of the RF equipment.

The next evident step consisted in increasing of op-
erating speed during interruption of the anode modula-
tor driving. The case in point is interruption of modula-
tor driving in limits of RF pulse, so that the breakdown
appearance didn't result in to full discharge of the AFL.
For this purpose the modulator vacuum tube, connected
in series with the load — RF output power amplifier (PA)
vacuum tube, can be successfully used. The point is that
the output PA is the final-control of the amplitude con-
trol system, stabilizing the amplitude of RF voltage in
the accelerator cavity. There are two methods of the RF
power control: by means of the PA plate pulse voltage
control or by means of the RF exciting control at the
input of the PA. In both cases there is a necessity of the
PA plate control by means of the fast-acting "hard"
modulator with vacuum tube: it is obviously for the first
way of power control and not entirely for the second.
But if to take into account changing of PA vacuum tube
current dc component at the RF exciting control (due to
operation with cutoff angle) it is become evident a ne-
cessity of the PA plate supply stabilization by means of
the “hard” modulator. Hence, the PA plate modulator
can fulfill two functions: control or stabilization of the
modulator pulse amplitude and fast protection of all
networks, which are under high voltage pulse, including
RF amplifier vacuum tube and anode-grid cavity, from
breakdowns. Such is indeed an operation of the series
crowbar system SCS. There are two main advantages of
the system:
¢ A lack of the additional devices in the anode modu-

lator high voltage supply.

o Starting of the SCS doesn’t results in discharging of
the artificial forming line AFL and long interrupting
of accelerator operation.

e As the AFL doesn’t discharge the AFL the SCS op-
eration isn’t a source of disturbances for other DTL
RF system channels and, hence the quantity of false
crowbar starting has to be decreased.

The simplified block scheme of the INR accelerator
DTL RF channel with series crowbar system and ampli-
tude feedback is presented in Fig.3. The system involves
the next additional devices:

o the current transformer CT1, signal of which comes
to comparator;

e two single shot multivibrators M1 and M2;

e two logic units AND and NAND.

If, in result of breakdown, the signal from the CT1
exceeds the set point value SP3, a single shot multivi-
brator M1 changes the state and locks the premodulator
input during a few sec. Transients in premodulator and
pulse transformer (see Fig.3) determine a time delay
between premodulator and modulator vacuum tube
locking and its value can achieve a few ps.
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Fig.3. Block-scheme of the DTL RF channel
with the series crowbar system

In turn, falling edge of multivibrator M1 pulse
changes the state of multivibrator M2 with the similar
pulse length. If during this time the second breakdown
takes place, high voltage is entirely switched off by
means of the high voltage breaker CB. SP1 and SP2
values determine the permissible high voltage rectifier
HVR current and the control level of RF voltage in the
accelerator cavity. All above-listed additional devices,
realizing operation of the SCS, are placed at a short dis-
tance from each other, far off the high voltage equip-
ment. That considerably decreases the level of distur-
bances from its own and other DTL RF channels.

4. RESULTS OF THE SERIES CROWBAR
SYSTEM TEST

By now, the series crowbar system SCS, which can
be also named as Interruption and Delay Crowbar
System, has been in operation for 700 hours. It was
installed at all five regular DTL RF channels and results
of its operation exceeded all expectations. First of all,
the downtime of the accelerator operation due to the
DTL RF system defaults has been considerably (a few
times) shortened in comparison with the previous
bypass crowbar system. Then, simultaneous crowbar
system starting in two and more RF channels, so
frequent before, were lacking during all time of the SCS
observation. Moreover, the common quantity of the
crowbar starting in the RF channels was also decreased.
All that confirmed the previous statement that the
bypass crowbar system (BCS) was more subjected to
disturbances in comparison with the series one. Effi-
ciency of the new series crowbar system was particu-
larly showed itself during the last two sessions of the
accelerator operation. Before the first session the new
vacuum tube GI-71A was installed in the output power
amplifier of the RF channel # 4. Due to bad vacuum in
the GI-71A, operation of the PA was accompanied by
permanent inner breakdowns, common amount of which
exceeded 1000. With the previous bypass crowbar
system operation of the accelerator would be paralyzed.
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With the series crowbar system both sessions were
successfully completed.

In Fig.4 shots of PA vacuum tube GI-71A plate cur-
rent (upper trace) and pulse plate voltage (lower trace)
are shown. Inrush of the plate current was due to the PA
vacuum tube GI-71A breakdown. As it was mentioned
above, the SCS operation width depends on transients in
the premodulator and pulse transformer at its output.
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Fig 4. Processes during series crowbar operation

Just these devices determine duration of the break-
down. One can see that at once after the breakdown
plate voltage pulse was shortened and duration of the
breakdown didn’t exceed 7...8 ps. During this time only
one (the first) capacity of the AFL from 20 had time to
discharge [1].

In Fig.5 the shots of processes during series crowbar
operation are presented in detail — time scale was
changed from 25 ps/dev (in Fig.4) to 1 us/dev.
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Fig.5. Processes during series crowbar
system operation in detail

From the last shot pictures it follows that the process
during SCS operation is accompanied by oscillations
both of current and modulator pulse amplitudes. At that,
the oscillations at both traces are in antiphase and the
oscillation frequency value is a few times higher than
modulator bandwidth. One could suppose that the
breakdown current is interrupted when plate pulse volt-
age falls to the low value and appears again when it
rises. The reasons of this phenomenon can be different
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ones. First of all, it follows to take into account that at
all electrodes in the RF power amplifier, where break-
downs can appear, both pulse voltage and RF voltage
exists. It is true for the vacuum tube and DTL PA an-
ode-grid cavity. In the PA cavity structure (so called
half-wave length coaxial cavity) is lacking isolating
capacity, which bypasses RF around high voltage sup-
ply input. Hence, the inner stem of the PA cavity is both
under high pulse voltage plate and RF voltage in the
cavity, which amplitude can up to 10 times exceed plate
supply voltage and achieves 300 kV. The breakdown
appears as the result of the total action of both compo-
nents. At that, due to voltage drop at the high voltage
source (AFL) internal resistance, both components of
the voltage fall to such extent that the breakdown can be
interrupted up to that moment when plate voltage again
will achieve the previous value. So, the observed oscil-
lations frequency (see Fig.5) could be result of tran-
sients in the long coaxial cable (up to 50 m), connecting
the AFL and the modulator valve GMI-44A, or in the
low quality PA cavity. The issue remains open.

CONCLUSIONS

Results of new series crowbar system testing showed
that the system allows successfully protecting from
breakdowns the RF power amplifier vacuum tube and
PA anode-grid cavity. Just here, in the main, break-
downs take place. Breakdowns in the modulator vacuum
tube GMI-44A, as a rule, occur during time between RF
pulses, when the plate voltage has maximum value. As
between RF pulses PA vacuum tube internal resistance
exceeds 1kOhm, the breakdown current value can't re-
sult in to the modulator vacuum tube damage.
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PE3YJIbTATHI HCIIBITAHUM TOCJEJIOBATEJIBHOM 3AIIIATHI CUCTEMBI
BUY-IIUTAHUS HAYAJIBHOM YACTH YCKOPUTEJIS USIM PAH

A.U. Keawa, FO.M. /lonamnuxoe

Panee paccMoTpeHbl 0COOCHHOCTH PabOThI ApAIIICALHON THUPUCTOPHOM 3aIUTHI, IPEIHASHAYCHHOM JIJIS 3aIlH-
ThI OT MPOOOEB MOIITHBIX JIAMIT B BEIXOJHBIX Kackamax cucreMbl BU-nuTaHus HavalbHOM YacTh yckoputels. B aToi
CUCTEME TPHU BOZHUKHOBEHHU IMP0o00s depe3 10 MKC 3amycKaeTcs THPUCTOpHAs COOpKa, OCYIICCTBIISIONIAS TIOTHBIH
pa3psa HAKOMUTENS B aHO/I€ MOIYJIATOpHOM jamnbl. [IpenioxeHa NpUHIMIHAIBLHO HOBAs MOCIEI0BaTeNIbHAsL CUC-
TeMa 3allUThl, JIMIIEHHAS HEJIOCTATKOB CYIIECTBYIOUIEH MapayjiesibHON THPUCTOPHOM 3alllUThI, HCIHOJB3YIOLIAs
BO3MOKHOCTH MOJAYJIATOPA C PETYIHPYEMOii JTaMItoi. B HOBOI crcTeMe 3aluThI IpH BO3HUKHOBEHUH ITPO00S Yepe3
5...7 MKC IPOUCXOAUT 3alUPaHUE MOAYJISTOPHOM JIaMIIbl C MOCIEAYIOIINM MPEPHIBAHUEM 3aIlyCKa Ha HECKOJIBKO
CeKyHI. 3a 3TO BpeMs COXPaHACTCS HACTPOWKA PEe30HATOpa YCKOPUTENS M yCIIEBaeT BOCCTAHOBHUTHCS MPOOUTHIN
3a30p. K HacrosmeMy BpeMeHM HOBas CHCTEMa yCTAHOBJIEHA HA BCEX IIATU KaHajnax cucreMbl BU-nutanus u yc-
TIENIHO TIPOIIUIA UCTIBITaHUA B TeueHne ~ 700 qacoB HempephsIBHOM paboTsl. B mpemmaraemoit pabote o0CykaaroTcs
0CO0EHHOCTH (DYHKITHOHUPOBAHUS HOBOM CUCTEMbI U TIPUBOIATCS PE3YJIbTATHI €€ MCIIBITAHUN.

PE3YJIbTATHA BUITPOBYBAHbB OCJAIJOBHOI CHCTEMM 3AXUCTY
BY-)KMBJIEHHS IOYATKOBOI YACTUHU IMTPUCKOPIOBAYA 1511 PAH

A.lL Keawa, FO.M. /lonamuukoe

Pamnimre po3risHyTO 0COOIUBOCTI pOOOTH HAPAIETBEHOTO TUPUCTOPHOTO 3aXUCTY, MPU3HAYCHOTO JIJISl 3aXUCTY BiJ
po0OO0IB MOTYKHHX JIAaMI Y BUXITHUX Kackaaax cucteMu BU-KuBICHHS MOYaTKOBOI YACTHHU MPHUCKOPIOBaYa. Y i
CUCTEMI TIPH BHHHUKHEHHI Mpo0oro depe3 10 MKC 3alyCKaeThcsl THPUCTOPHA 30ipKa, MO 3MIMCHIOE IOBHUH PO3Ps
HAKOMMYIyBa4a B aHOA1 MOIYJISTOPHOI JIaMITH. 3alIpOIIOHOBAHO MIPUHITUIIOBO HOBA MOCTITOBHA CUCTEMA 3aXHUCTY, SKa
M030aBJICHa HEIOMIKIB ICHYIOUOTO TapajielbHOrO THPUCTOPHOTO 3aXHUCTY, IO BUKOPHUCTOBYE MOMIIMBOCTI MOIYJIsI-
TOpa 3 PeryJbOBAHOIO JIAMIIOK0. Y HOBIM CHCTEMi 3aXWCTy NpU BUHUKHEHHI mMpo0oro uepe3 5...7 MKC BinOyBaeThCs
3aMHUKaHHS MOZYJISITOPHOI JIaMITH, 3 TIOAAJBIINM TIEPEpUBaHHAM 3aIyCKy Ha JCKiIbKa ceKyH. 3a 1eit yac 30epira-
€ThCSl HACTPOIOBAHHS PE30HATOPA MPUCKOPIOBAaYa i BCTHTaE BITHOBUTHUCS MpoOuTHH 3a30p. Jlo TemepimHbporo acy
HOBa CHCTEMa BCTAHOBJIEHA Ha BCIX I'TH KaHajax cucreMH BU-KHBIEHHS 1 yCHIIIHO MpOWILIA BUIPOOYBaHHS
npoTsiroMm ~ 700 roguH Ge3nepepBHOT poOOTH. Y MPOMOHOBaHINH POOOTI 0OTOBOPIOIOTHECS OCOOIUBOCTI PYHKIIOHY-
BaHHS HOBOi CHCTEMH Ta HABOJSTHLCSI PE3YJIbTAaTH ii BUIPOOYBaHb.
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