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ABSTRACT

MODIFICATIONS

One of the primary components of the DIII-D radio
frequency (rf) programover the past seven years has been
the 60 GHz electron cyclotron resonant heating (ECRH)
system. The system now consists of eight units capable of
operating and controlling eight VarianVGE-8006 60 GHz,
200 kW gyrotrons alc:ag with their associated waveguide
components. This paper wU] discuss the operational upgrades and the overallsystem performance. Many modificationswereinstituted to enhancethe system operation and
performance.
Modifications discussedin this paper include
an improved gyrotron tube-fault response network, a cornputer controlled pulse-timlng
and sequencing
system,
and
an improved high-voltage
power supply control interface,
The discussion on overall system performancewill include
operating

techniques

used

to

improve

system

operations

and rellabUity. The techniques discussed apply to system
start-up
the system
a conditioning mode,procedures,operating
_nd operatingthe system
during in
DIII-D
plasma
operations.

The modifications discussed in this section were
implemented to improve 8yrotron protection during an
over-current condition, and to simplify the control system selectivity between a DIII-D Neutral Beam Accel
power supply configured for negative polarity and the
ECH power supply (ECHPS-I). Also included in this
section is the addition of a computer controlled pulse timing system replacing the inefNcient analog timing circuit
located in the cathode control chassis and in each gunanode control chassis. The design concept was to target
specific points within the existing control system where
improvements were needed and to make the modifications virtually transparent to the ECH control system.
Some circuits needed only existing circuit cards modified,
while other modifications requiredcomplete circuit card
manufacturing with direct plug-in compatibility.
Over-Current Fault Control

INTRODUCTION
One problemwiththeoperating
systemwas the
The 60 GHz ECRH gyrotron
systemhasbeenthe lackofpropertube-fault
response;
tube-fault
response
source
ofmicrowaveheating
atDIII.-D.
Thereareeight istheaction
thatthecontrol
systemtakesduetooverhigh-voltage
control
units
usedtooperate
Varian's
VGEcurrent
conditions
withinthegyrotron.
With an over800660GHz,200kW gyrotrons.
Alongwiththeseunits current,
thehigh-voltage
powersupplypulse-command
Thisterminates
thehigh-voltage
pulse,
aretheir
associated
waveguide
andmicrowave
launchsys- isterminated.
terns.Many modifications
were instituted
(overthe thuseliminating
themaincurrent
source.
years)
toenhancethesystemoperation
andperformance.
Althoughthepre-existing
tube-fault
circuitry
was
Modifications
discussed
inthispaperwill
beanimproved adequate,
itdidpresent
erroneous
fault
conditions
due
over-current
fault
response
systemwhichdecreases
the tothecharge-discharge
characteristics
ofa pulsedhighamountofenergydelivered
toa gyrotron
duringa fault,voltage
system.Eachgyrotron
and itsassociated
higha high-voltage
powersupplyinterface
allowing
selectionvoltage
unitpossesses
an inherent
capacitance.
When
ofoneoftwoavailable
high-voltage
powersupplies,
and thesystemispulsed
withhigh-voltage,
acharging
current
acomputercontrolled
timing
systemthatismenu-driven will
exist
during
therise
andfall
ofthehigh-voltage
pulse.
end isinteractive
withthe DIII-D CAMAC timing- Thesecharging
currents
exist
primarily
inthegun-anode
control
highway.Alongwiththesemodificr,
tions,
this and bodycircuits
ofthegyrotron
and canexceedboth
paperwillalsodiscuss
operating
techniques
acquired circuits'
nominaloperating
current
level.
A current
sl;unt
throughmany hoursofoperation.These;techniques,isusedinbothgun-anodeand body circuits
toyielda
whichaidedinoverall
systemperformance
duringDIII-D proportional
voltage
forfault-comparison
andmonitoring
operations
and gyrotronconditioning,
include
system therespective
currents.
start-up
witha cold-ora hot-filament
c=_thode,
a conTherearetwo levels
ofover-current
protection
in
ditioning
process
whichreadies
thesystem
forECH
opboth
thebody
and
the
gun-anode
circuits;
modificaerations,
andqueuinggyrotrons
coinciden_
withDIII-D
plasmadischarge
timing,

tionsweremade toeachlevel.
The high-level
actsupon
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transient current which exceed a predetermined upperHigh-Voltage Power Supply/nterface
level. The pre-existing circuitry allowed for an extraorThe 60 GHz system can use one of two high-voltage
dinarily high-level of current to possibly exist either from
a short-circuit or an over-voltage condition. At a reduced
power supplies; a negative polarity DIII-D Neutral Beam
Accel high-voltage power supply or the DIII-D ECHPS-1
voltage level, the gun-anode-to-cathode
circuit was properly ac compensated.
Once compensated, the inherent
high-voltage power supply. The two power supplies have
different manufacturers, thus having different control incapacitance was determined from using the known capacitance added for compensation and observing the chargeterraces. Instead ofreconfiguring the ECH control system
discharge spike during low-voltage tests. A charge-disevery time a switch is made from one power supply to ancharge time constant of ~ 30 psec was observed. Thereother, the main control interface chassis was redesigned
tore, a single-pole low-pass filter with a 6.6 KHz bandand modified using pre-existing components.
To switch
width was inserted at the gun-anode fault-comparison
the control of one power supply to the other, all the opercircuit input. This allows for a conservative trip set-point
ator needs to do is push a button relative to the system
on the low-level fanlt-comparison
network. (e.g., Varian
desired. The proper logic levels and interlocks are set
specifies
a nominal gun-anodecurrentof < 3 mA. With
fortherespective
power supplywhen thedesiredbutton
theset-point
setat 3 mA, thehigh-voltage
willbe terrni- isdepressed.Using existing
components kept hardware
natedwhen thenominalcurrentduringa gyrotronpulse costlowand allthatwas required
was to rewiretheECH
exceeds3 mA). This same techniquewas used on the main control
chassis.
gyrotronbody circuit.
The body circuit
doesnotneed ac
compensationand sincetheinherent
capacitance
ismuch
Computer Controlled
Tim/ng
smaller,
thecharge-discharge
spikeismuch smaller.
A high-level
fault
isdue tocurrenttransients
within
The pre-existing
timingcontrol
systemconsisted
of
the gyrotronresulting
from an internalspark-down, an analograml>-comparator
circuit
locatedin the cathThese faultshave very fastexcursions
and cannot be ode control
chassis
and in eachofthe gun-anodecontrol
detectedby thelow-level
fault-circuit
intime to prevent chassis.
The pulsewidth was determinedby thumbwheel
dangerousconsequences
to the gyrotron.Two different switcheswhich variedthecontrol-ramp
slope.Thissystechniques
are used to detecta high-level
faultin the ternhad limitations
and pulsewidths would varywith
body and gun-anodecircuits.
The body circuit
usesthe temperatureand component tolerances.Therefore,a
forwardvoltagedrop offourdiodesto drivean optical new timingsystem has been installed
which consists
of
transmitter.The pre-existing
circuit
performed sufn- an IBM AT computer,a CAMAC interface
chassis,
and a
ciently;
more robustcomponents were added though,to pulsecontrol
board locatedin thecathodecontrolchashandlethepotential
highcurrentimpulseduringa fa_alt
- sisand in each gun-anode controlchassis The corncondition.
The gun-anodeshunt-voltage
isusedtodetect
a high-level
faultwithinthe gun-anode.A comparison puteraddresses
theCAMAC
timingmodules viaa crate
circuit
driving
an optical
transmitter
comparestheshunt- controller.
The timingmodules then directthe desired
voltage
against
a pre-determined
voltagelevel.
The opti- timingpatternsto thecathode controlchassisand the
calsignalistransmitted
viaa fiber-optic
to thecurrent- respective
gyrotrongun-anodecontrol
chassis.
limitboard.The pre-existing
circuit
used a zener-diode
The computer containsallthe timing software
clamp offering
no selectivity
and functioned
ina non-fail- needed to operatethegyrotronsystem.The timingpasafe condition.
rameterssuch as pulse width and repetition
rate are
Both gun-anodeand body-fault
circuits
each usea
enteredintothecomputerby thesystemoperator.
There
current-limit
card. This card OR's both high and low are severalvideopages the system operatorcan select
level
faultsignals
fortherespective
tube circuit.
A sin- depending on the desiredgyrotronsystem operating
glefaultsignalisthen sentto the respective
gun-anode scheme. When the ECH program isinitiated,
theopercontrolchassislocatedin the ECH controlroom. The
atorisprompted to select
one offour operating
schemes
modifications
made to thesecardsincludestheaddition from thetop level
videopage.
of thelow-level
filtering
circuit
forthe respective
tube
CATH w This mode isused forconductinghighcircuit
and reconfiguring
thecircuitry
forfail-safe
operation.
potential
testsof the gyrotronsystem with the highBoth the gun-anodecurrentand cathodecurrent voltagepower supply.
use the same type of telemetrynetwork.This network
XGYRO -- This mode isusedto testtwo or more
consistsof currentshunts and a voltage-to-frequency
gyrotrons,
witheachoutputterminatedintoa waterload.
(v-f)/frequency-to-voltage
(f-v) link. The v-f cards have
been redesigned and printed circuit cards manufactured.
The new cards use a upgraded v-f module with a operating frequency of 3.5 to 5.5 MHz and a 80 kHz bandwidth.
This card also has the high-level-current fault comparator circuit as mentioned above,

GYRO -- This mode is used to test an individual
gyrotron with its output terminated into a water load.
DIII-D -- This mode is used to synchronize the
timing sequence of one or more gyrotrons with the timing
sequence of the DIII-D tokamak operation.

After a particular

operating scheme is chosen, an-

othervideopage isdisplayed.
Thispage allowstheoperatorto altertimingparametersand initiate
theselected
timing-modeprogram.
The CAMAC
cratecontainsthe timinghardware
drivenby thecomputersoRware.The cratecontrol
roodulesendsand receives
theinterrupt
and timinginformationto and from the computer. The controller
directs
thetiminginformation
to thetimingbufferand register
modules.The buffermodule holdsthetiminginforma-

OVERALL SYSTEM PERFORMANCE
BeforetheDIII-D operation
campaign begins,
the
60 GHz gyrotronsystemisinspected
and tested.
Thisincludeshigh-voltage
circuit
inspection,
fault-card
testing,
and diagnostic-telemetry
calibration.
Once thissystem
checkoutprocessiscomplete,then the following
operationalmodes can be executed.
System Start-UpProcedures

tionuntilit becomes time to send it to the cathode
There aretwo techniques
usedforsystemstart-up;
and gun-anodecontrolchassis.
The timinginformation a coldstartand a hot start.The stateof the cathode
passesthrough the'timingregister
module which consistsof a seriesof switches.The switchpatternused
in the register
module depends on the gyrotronschosen to pulse.Therefore,
the propertimingsignalwill
be directedto thedesiredgyrotrons.Along with these
modules arethe DIII-D timing-receiver
module and an
interrupt
module. The timing-receiver
producesa timingpulse,synchronized
with DIII-D operations,
which
providesinputsto theinterrupt
module. There arealso
hardwareinterlocks
which providean inputto theinterruptmodule.The interrupt
module then sendssoftware
interrupts
viathecratecontroller
totheactivecomputer
timingprogram.Ifoperating
gyrotronswiththeDIII-D
videopage,thena timing-receiver
interrupt
willcausethe
conditioning
program to haltand loadthe ECH timing
sequencesynchronouswitha DIII-D tokarnakdischarge
intothetimingbuffers.
An interlock
interrupt
willhalt
thetimingprogram untilthe interlock
iscleared.
Other
modulesusedaretwo 32-channel,
64 kB digitizers.
These
digitizers
acquireECH data duringa DIII-D shotfor
transfer
to the DIII-D dataacquisition
system,

filaments
dictates
which technique
to use.

The othercomponent in thistimingsystem isa
pulse-control
card locatedin the cathode chassisand
cach gun-anodecontrolchassis.This card receives
the
raw timingsignalfrom the CAMAC
timingbuffers
and
applies
contingenci_
to allowsafeoperation
of theECH
system.For the cathodechassis,
a power supplypulse-

on DIII-D operationrun days and reducesthe amount
of thermalcycling
of thefilaments.
However,thereare
circumstances
which developwhich requirethe60 GHz
systemto be shutdown.Aftertheseeventspass,a coldstartmust be performed.

command isissuedcontingentupon high voltagebeing
available,
a pulsepermissivefrom the DIII-D control
room, and no gyrotronover-current
faultcondition.If
any of theseeventsexistwhen a raw timingsignalis
sent,thenthepulsecommand to thehigh-voltage
power
supplyisblocked.Ifthepre-pulse
eventsaresatisfied
and
a pulsecommand issent,then a conditional
pulsecornmand willbe passedto thepower supplyand willbe ter-

Conditioning
Mode

A coldstartisperformedwhen the main control
power has been offand the systemhas been shutdown,
i.e.,
thefilaments
have been offand thecathodeiscold.
Therefore,
filament
voltagemust be appliedslowlyuntil
thenominalcurrent
isflowing
throughthefilaments.
The
currentisraisedat a 1 A/sec rateto approximately1.05
timesthenormal operatingcurrentvalue.This filament
currentlevel
ismaintaineduntilthefilament
voltage
rises
to the normal operatingvalue.The filamentcurrentis
then adjustedand regulatedto the nominal operating
level
asperthepreviousoperation
tablesorthemanufacturer's
specified
testlevel.
The coldstartisperformedat
least
48 hoursbeforethegyrotrons
areneededforDIII-D
plasmaoperations.
The filament
currentand voltageareat theirnorninalvaluesfora hotstart.Once theoperation
campaign
begins,
thegyrotronfilaments
areleft
on fortheduration
of the operatingperiod.This allowsforquickstart-up

Once thestart-upiscomplete,gyrotronconditioningcan begin.Conditioning
must be performedtheweek
priortoa DIII-D operation
periodand thendailyduring
the operationperiod.For both cases,the conditioning
routine
isvirtually
thesame. Serial
and parallel
gyrotron
conditioning
arethe two modes used.

minatedimmediatelyin thecaseof a pulse-contingency
The parallel
mode instructs
allselected
gyrotrons
to
breach.The gun-anodepulse-control
cardfunctions
sirn- pulseat the same time. Individual
_w'rotron
corranands
ilarly
to the cathode pulse-control
card. This cardreceivesa raw gun- anode timingpulseand alsoapplies and thecathodecommand can be blockedby theopercontingencies.
The constraining
eventsare that there atorby usingthecontrol
switchlocatedon eachchassis.
must be a conditional
cathodecommand and theremust This switchallowsthe operatorto blockpulsingwithnotbe a wave guiderelated
fault.
If,duringa gun-anode out stoppingthe timingprogram. This ishelpfulwhen
pulse,a wave guiderelatedfaultoccurs,then the gun- isolating
a troublesomegyrotronand still
maintaining
anode conditional
command willbe blockedfor20 msec conditioning
forther'maininggyrotrons.
Usingtheconand then allowedto continue;
thisisreferred
to as a re- trolswitch,an operatorcan turn each gyrotronon and
tryand the number of gun-anodere-tries
isselected
by monitoritsindividual
tube and wave guideparameters,
theoperatorbeforethepulse,
e.g.,
cathodecurrent,
forwardpower,gun-anodecurrent,

and gyro-window light. After the tube parameters have
been set for each gyrotron selected for pulsing, then the
gyrotron pulse width can be extended to 100 msec in
20 re.see increments.
The repetition rate is maintained
at 0.1% to prevent the wave guide located within the
DIII-D vacuum vessel from overheating. The gyrotrons,
as a group, are pulsed ten times at each 20 msec plateau,

There are a few DIII-D machine-related
interlocks which remove the ECH pulse-permissive.
During a
plasma shot, there must be plasma current, there must
be proper toroidal field current, and there must be no
overheating of the ECH transmission line located inside
the DIII-D wcuum vessel. During between-shot conditioning, along with the transmission line overheating

The gyrotron pulse timing is then configured to serial mode at the 100 msec pulse width level. In this mode
the gyrotrons are pulsed sequentially. The repetition rate
for any one gyrotron is still maintained at or below 0.1%
by adjusting the null-time between individual gyrotron
pulses, e.g., the fewer gyrotrons selected, the greater the
null time between individual gyrotron pulses. The gy-

interlock, a particular group of diagnostic shutters must
also remain closed. The diagnostics protected by these
shutters are sensitive to microwave power. Therefore, the
shutters remain closed during ECH conditioning and if
opened then ECH conditioning is halted.

rotrons are then ready for plasma operations once the
conditioning pulse is at 100 msec. Using this conditioning
technique from a hot-start condition, the selected gyrotrons are ready for DIII-D plasma operations in twenty
to thirty minutes,

The modifications and operating techniques discussed in this paper were impleme_lted to improve the
60 GHz ECH system performance.
Having a reliable
over-current fault system is paramount in a multiple gyrotron system. It must minimize the amount of energy
deposited to the delicate components housed within the
gyrotron and it must be reliable so the operator has
confidence in the fault information necessary for making
appropriate operating decisions. The ECH Main Control chassis can now interface with either high-voltage
power supply ensuring the proper logic levels and interlock status is transceived between the ECH control room
and the selected power supply. An operator can configure gyrotron pulse sequencing to accommodate DIII-D
operations, ECH conditioning, or troubleshooting ECH
system problems using the computer-controlled timing
system. The operating techniques discussed have been
proven, from operation period to operation period, to
be effective in system start-up and getting the system
prepared for DIII-D plasma operations.

DIII-D Plasma Operations
When the ECH system is conditioned and ready
for DIII-D plasma operations, the session leader for that
day's experiment determines ECH timing relative to the
DIII-D plasma shot. The session leader gives this information to the ECH operator for that day. The ECH
operator then enters the timing information into the ECH
computer. Twenty seconds before time-equal-zero of the
DIII-D plasma shot (_DIU-D = 0), the conditioning program is halted. The ECH timing pattern for _,he plasma
shot is now loaded into the timing buffers located in the
CAMAC crate. Once loaded the information is locked
in ten seconds before _Dm-D = 0. After the plasma discharge and shot data has been acquired, the conditioning
program resumes.

CONCLUSION

