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Summary

The feasibility of a passive quench protectionsystem Lot
the SuperconductingSupercollider SSCmain ring magnetsde
penãon the radiation resistanceof the diodes used as current
bypasselements.Thesediodeswould be locatedinsidethe mag

net cryostat,subjectingthem to liquid helium temperatureand
a relatively high radiation flux. An experimentaltest was per-
Connedon five types of powerdiodes to determinetheir relative
response to neutron radiation at cryogenic temperature.The
forward andreversecharacteristicsof the diodeswere monitored
as a function of exposurewhile the diodes were maintained at
an ambient temperature of $0 K. The results showed a strong
dependenceon diode type, ranging from relatively little damage
in somediodes to complete failure In other diodes.

Introduction

A passivequenchprotectionsystemunderconsiderationfor
the main ring magnetsof the SW would use power diodes to
bypasscurrentarounda quenchedmagnet.Installingthe diodes
insidethe magnetcryostatwould maintain themat liquid helium
temperatureand subject them to relatively high levels of radi.
ation. Previous Investigationsci powerdiode responseto these
environmentalfactors involved irradiatlons at room tempera
ture with subsequenttesting at room temperatureand liquid
helium temperature.11,21 This preventsa direct extrapolation
of the results to SSC conditionswhen annealingduring Irradi
ation would be redutedby the low operating temperature.

An experiment was designedto study the effectsof neutron
radiation on power diodes maintainedat an ambient tempera
ture of SO K to minimise annealing effects during the Irradia
tion. flve types of commercially available diodes were tested
to provide a comparisonof radiation hardnessunder identical
conditions. A variety of electrical testswere performedbefore,
during, and after the irradiation to monitor the performance
degradationof the diodes as a function ci exposure.

Test Setun

A variety of commerciallyavailablediodes with significantly
different specifications were selectedfor inclusion in the test.
Catalog specifications for the diodes are snntma4sedIn Thble 1,
although modifications were madeto the packaging and passi
vation schemesfor some of the devices. The BBC andSiemens

diodes were supplied in their standardhockey-puck packages,
while the RAW deviceswere supplied without packagesbut
with gold flash coatings. The DSA15O8 and RA2O-A passiva
tion layers had silicon rubber overcoatswhich were susceptible
to cracking at cryogenic temperatures.Pbr the RA2O-A, the
silicon rubberwas 4mply removedby hand. For the DSA15QS,
however,the packageswere first opened,the silicon rubberwas
removed,and the packageswere then reassembled.

The diodes were mounted in a cryostat designedto main
tain all ci the devices at the same ambient temperaturewhile
permitting electrical tests on individual diodes. Cooling was
accomplishedby attachingeach diode mounting assembly di
rectly to a central copper reservoir which was filled with liquid
nitrogen. This allowed single-sidedconduction cooling to 80 K
with the diodes located in the vacuum space surroundingthe
central reservoir. Electrkal connectionsinto the cryostat were
made through a single pair ci stainlesssteel safety leads. Pneu
matically controlled C-to rods operated copper switch contacts
inside the vacuum spaceto connecta singledIode to the power
leads for each test.

The cryostat and diodes were then installed in the irradia
tion cell at the TexasMM University NuclearScienceCenter
NSC. The ayoetat was positioned near the center of the 16 ft
by 18 ft cell to minimise variations in flux among the twelve
diodes. The ‘swimmingpool’ type researchreactorusing FLIP
TRIGA fuel 131 was operatedat a steadystate power Level of
100 kW during each Irradiation period, floral and cadmium
platesinstalled in the exposure window betweenthe irradiation
cell and the reactorcore enhancedthe higher energy neutron
flux In the cell. Activation foils were used inside and outside
the cryostat to provide bothintegrateddose and spectral infor
mation. The foil analysishas not yet beencompletedby NSC
personnel,but an initial estimateci the neutronexposuredose
was cnn as 1.2 x 1023 neutrons/cm2.

rward Bias Tests

The low current forward bias IV characteristicsof the
diodes were investigatedunder essentiallysteadystate condi
tions using a 0-20 A power supply. This power supply was in
aementedhorn 0 A to 20 A andbackto 0 A in 2 A steps. The
current and voltage were measuredat each step alter a short
delay to allow the powersupplycurrent to settle.

Thble 1. Sun.mny of diode specifications

QTY DIODE MANUFACTURER Ippj,j Vyuug DIAMETER

3 DS6000 BBC Brown-Boveri 15600 A 200 V 50 mm
3 DSAISOS 320 Brown-Boveri 5600 A 2000 V 50=
3 SSiRV6O Siemens 3930 A 1500V 54mm
1 RA20-A Powerex 7535 A 1200 V 67 mm
2 RA2O..D Powerex 3920 A 3000 V 67 mm
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A standard dc power supply was used to obtain moder
ate current IV characteristics as well as information concerning
the temperature coefficient of the diode’s forward voltage.The
power supply was programmed to provide a 750 A currentpulse
with .1 secrise and fall timesand a 1 sec fiattop. The upramp
of the actual current waveform was generally much shorterthan
the desired .1 secand had a significant overshootin some cases
due to the regulator’s responseto the switching load. The cur
rent and voltagewaveforms were digitized simultaneouslyduring
the pulse at a 1 kHs samplingrate.

Higher current IV characteristicswere obtained with a last
pulse power supply providing 1 kA, 300 psec sinusoidal current
pulses. The current and voltagewaveformswere digitized simul
taneously during the pulse at a 2 MHz sample rate.

ReverseBias Tests

A single test provided both the CV and IV characteristics
of the diodes understeadystate reversebias conditions. The
bias power supply was programmedto step the applied voltage
from 0 V to 150 V in variable size increments, providing greater
resolution at lower voltages. The capacitanceand leakagecur
rent were measured at each step after a short delay to allow the
powersupply voltage to settle.

Test Procedure

A complete set of electrical performance teats were con
ducted under variousconditions before, during, and after the
irradiation procedure. Pre-irradiation tests were performed at
both 300 K and 80 K to measure the dependenceof the diodes’
parameters on temperature.The diodes were then maintained
at an ambient temperature ci 80 K for the duration ci theha
diation procedure. Reactor operationwas suspendedfive times
during the irradiationprocedureto maintainuniformity of don
while a complete set of testswere performedon all diodes.Post.
irradiation testswJeperformedat temperaturesof 80 K, 300 K,
and again at 80 K to measurethe effect of a room temperature
annealingcycle. Table 2 summarizesthis information and in
dudes the incrementaland integratedexposuretime for each ci
the data sets.

Maintaining the diodes at 80 K during the Irradiation re
ducedannealing effects significantly below the level which would
have been experiencedat room temperature.As the diodes be
gan to sustain significant damage,however, the higher power
levels generated by the electrical tests themselvesincreased the
junction temperature sufficiently to causeobservableannealing.

Results of Exoeriment

The following sections summarizethe results of an initial
analysis of the data obtained in this experiment. In thesedis
cussions,the results for a single diode of each type are reported
since variationsamong diodes of the same type were negligible.

Forward Voltare vs Exoosure

The increasein forward voltageacrosseach diode was mon
itored asone of the critical indicators of radiation damage.Fig
ure 1 shows the change in forward voltage venus exposure for
each diode at a current of 500 A. The DS6000showed only a
6% increase in forward voltage after 13.3 hours of Irradiation.
The RA2O-A voltage increased by a factor of approximately
five, while the DSAISOS voltage Increased by a factor of six.
The RA2O-D and SSiRVSO sustained such severedamageafter
6.6 hours and 13.3 hours,respectively, that they could not con
duct current with a forward bias of 40 V.

I
I

Figure 1. Forwardvoltage vi exposure;T =80 K; I 500 A.

The - in Figure 2 of forward voltage versus exposure
at a lower current ci 20 A shows a similar trend. A significant
differenceis that theDS6000initially exhibited a decreasein for
ward voltage with increasingexposure. The voltage decreased
1% below its initial value after 10 hours of Irradiation before
increasingto roughly Its original value after the full 13.3 hours.
This decreaseIn forward voltage at low currents was also ob
servedin a previousirradiation testof RA2O-A diodes when the
exposuresteps were performedin caller increments.141 In that
experiment,the forward voltage continued to increasebeyond
its initial value as the dose was increased.

DATA
SET

AMBIENT
TEMP.

INCREMENTAL
EXPOSURE

INTEGRATED
EXPOSURE

1 300K - -

2 80K - -

3 80K 0.55hr 0.55hr
4 80K 0.55hr 1.10k
5 80K 2.20k 3.30k
6 80K 3.33hz 3.63k
7 80K 3.33k 9.97k
8 80K 3.33k 13.30k
9 300K - 13.30k

10 80K - 13.30k
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Table 2. Summaryof testprocedure
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Figure 2. Forwardvoltage vi exposure;T -80 K, I = 20 A.



Caoacitanc&y.Exposure

The capacitanceat zero volts dc reversebias is plotted in
FIgure 3 as a function of exposure and shows the same depen
denceon diode type as the forwardvoltage. The DS6000showed
a20% decreasein capacitancewhile the RA2O-D showeda 90%
decrease.In addition to the decreasein capacitance,the shape
of the CV curve began to flatten as the diodes sustainedradi
ation damage.The RA2O-D and SSiRV6O exhibitedvery little
changein capacitanceas a function of voltage after 6.6 hours
and 13.3hours, respectively,correspondingto the time at which
they initially failed to conduct forward current. The capacitance
value measuredfor the RA2O-D after 9.97 hours ‘was essentially
the capacitanceof the diode mounting assemblyand measure
ment cables, and showed no further decreaseas a function of
dose.
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Figure 3. Capacitancevs exposure;T -80 K, V sO V.

Temoeraturebtects

Figure 4 showsthe effect of the irradiationandaubsequàt
zoom temperatureSannealingcycle on the forward voltage at
80 K. Prior to the irradiation, the forward voltages exhibited
only a small spreadamongthe five diode types.After the1rn41-
ation,the DSG000showeda 6% increasein forwardvoltagewhile
the R.A20-A and DSA1SO8voltagesincreasedby factorsof five
and six, respectively. The RA2O-D and SSiRV6O had flopped
conducting forward current by the end of the irradiation.

The forward voltagesshowed a significantact from an
nealingafter the diodes were warmed to room temperatureand
subsequently recodedto 80 K. The D56000showed a reduction
of approximately50% in the forward voltageIncreasecausedby
the radiationdamage.The RA2O-A and DSA1SOSbothshowed
a decreasein forward voltageby a factorof approximatelythree.
The SSiRV6O exhibited even more dramaticimprovementsince
it wasonce again able to conductforward current.The V.20-0,
however,never recoveredforward conduction.

Conelusiens

The experimentalresults show that the DS000 Is signif
icantly more radiation resistant than the other four types of
diodestested.The otherdevicesaustainedauthextremedamage
by the end of the irradiationthat they would not havesurvived
a quenchpulse in the SW. Since the DS6000 sustainedonly
minimal damage,further testing will be required to determine
a doselimit at which it would fail.

The relatively low reverse blocking voltage design of the
DS6000 contributes to its radiation resistance,but could be a
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Figure 4. Forward voltage before irradiation, after irradiation,
andafter thermalcycle; T n 80 K, I 500 A.

limitation on its use in the SSC.If a singlediode is usedfor each
magnet,the 056000 easily meetsthe maximumapplied reverse
voltage requirementof 20 V. If a different configurationusing
multiple diodes andinternsltapsin th. magnetis required,how
ever,the voltageacrossindividual diodescouldexceedthe rating
of the DS6000.5,61

The results of the Irradiation experiment also show that it
is possiblefor a diode to fail ‘open’ after sufficient irradiation
at 80 K. A room temperatureannealingcycle performedsoon
after the failure of the SSIRV6O was able to restore its forward
conduction aS 80 K, although It remained severely damaged.
Annealing of the 056000,DSAXSO8, and V.20-A reducedthe
radiation damageelects by grater than 50%, verifying that
room temperature inadiationsdo not provide a valid compari
son to the operatingconditionsin the 550.

A more accurateevaluation of diode performanceIn the
$50 would be achievedby irradiating the diodes at liquid he
lium temperature.The further reductionin annealingat this
lower temperaturemay indicate lower acceptabledoselimits for
each type of diode, but is not expectedto createa significant
difference in their relative performance. Therefore,of th! five
diode types tested,the DS6000appearsto be the best quench
protectiondiode candidateif it can meet the reverseblocking
voltagerequirementsof the conilguration selectedfor the SSC.
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