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ADSTRACT ‘.5 -________________________

A passivequenchprotection system using cola bypass diodes
is being consilerecl for the Superconducting Super Collider, or
SSC. The diodes would be located inside the magnet cryostat,
stl5octmg them to Inpud helium temperatures and a relatively
high radiation flux. In this paper we present results of experi
mental measurements of radiation damage to a candidate diode
M 5 K and an estime.te of the lifetime of this diode in the SSC.
An unexpected relationship was discovered between the diode
turn-on voltage at S K and the most recent reverse voltage or
temperature excursion. This turn-on voltage as a function of ra
diation exposureappears to be erratic and indicates a need for
further investigation. High current IV measurements indicate
that the usable lifetime of this diode, based on iu esthuate A 0

the peak junction temperature during a quench pulse, is un or-
tier of niagnitude greater than the expected lifetime of the SSC
itself.

INTRODUCTION

A passive quench protection system under consideration for
the main ring magnets of the SSC would use power diodes located
inside the magnet cryostat to bypass current around a quenched
magnet Ij. During a nominal SSC quench, the diodes would
be required to conduct a 6500 A pulse with a 20 s exponential
decay [lJ. Installing the diodes inside the magnet cryostat would
maintain them in a liquid helium bath at a temperature of 4.5 K
and subject them to a radiation level of approximately 3.2 x 10’s
n/cm2 per year [2]. The voltage controlled switch behavior of a
diode operating at liquid helium temperature was the primary
reason a quench protection system with cold diodes was first
proposed for the ISABELLE magnets [3j. Figure 1 shows this
switching characteristic for an ADD DSG000 diode at 5 K. which
required approximately 15 V of forward bias before any current
was conducted. During a quench, the resistive voltage developed
inside the magnet would quickly exceed the turn-on voltage of
the diode and commutate the current out of the magnet and into
the bypass circuit. The large number of diodes required about
lO000, and the long replacement time for a ailed diode about
1 week, make the feasibility of this type of system critically
lrpendent on the diode’s lifetime in the SSC environment.

Prevk,its exhw’ntal measurements of radiation damage at
50K identified the ADD DS6000 as a commercially available diode
which appeared to he capable of surviving the SSC environment
4]. lii order to confirm this, an experiment was designed to study
the effects of neutron radiation on this diode while it was main
tained at an ambient trmperature of 5 K to minimize thermal
annealing effects during the irradiation. Electrical tests were per
formed before, during, and after the irradiation to monitor the
performance degradation of the diode as a function of exposure,
and to study the *hode turn-on characteristics at S K. These
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Fig. 1. Switching behavior of DS6000 diode at at 5 K.

results, combined with a model that predicts the junction tnt1-
persture of the diode during a quench pulse, allowed an estimate
of the usable lifetime of this diode in the SSC environment. This
estimate considers only systematic diode failure, due to radia
tion damage since the study of all failure mcxics was outside the
scope of this work. Further studies would be required to include
other systematic and random failure modes in an estimate of the
overall reliability of a passive quench protection system.

TEST PROCEDURS

The test setup will be briefly discussed below; a more thorough
description has previously been reported [4J. Catalog specifica
tions for the selected diode are summarized in Table 1.

Table 1. Catalog specifications for the selected diode.

Diode Manufacturer IFRMS VRltM Diameter
DS6000 "Asea-Drown Boveri" 15600 A 200 V 50 mm

The diodes were mounted in a cryostat designed to maintain
all of the devices at the same ambient temperature while per
mitting electrical tests on individual diodes. The cryostat and
diodes were then installed in the irradiation cell at Texas A&M
University Nuclear Science Center INSC. The swintming pooV
type research reactor using FLIP TI1IGA fuel [5] was operated
at a steady state power level of 100 kW during earls irratliatiout
period.

Two reactor runs were made with a total of It diodes. High
current IV characteristics were measured during both runs using
7 U, 300 psec sinusoidal current pulses. The forward turn-on
voltage as well as the low current IV characteristics were mea
sured during the second run using a 2 A, 0.75s triangular current
pulse. These tests and the temperatures at which they werc per
formed during each reactor nun are summarized in Table 2.
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Forward Voltage vs. Exposure

The increasein forward voltage at high currentswits moni
tored as the primary indicator of radiation damage. Figure 2
shows the changein forward voltage at 7,000 A versus exposure
for each diode in the two experimental runs. The dataor the
two runs match very well, with both data setsexhibiting a mod-
crate spread in the forward voltages at high fluences. A slightly
nonuniform flux distribution acrossthe test fixture contributed
to this spread,with the highest voltages corresponding to the
positions with the highest fluence. Manufacturing tolerances in
the diodesalso influenced the spread, with slight variations in the
baseregion thickness probably being the most critical parameter.
In either case,the spread in voltagesdoesnot appear to be signif
icant until well beyond the expectedfluence 09.6 x 1012 n/cm2
over the lifetime of the SSC.

Forward 1bltage vs. Temperature

Theforward voltageversustemperatureprofile for the diodes
n-as critical in making an estimate of the diode lifetime in the
SSC. Figure 3 shows thepre- andpost-irradiation profiles for
the dio,les "the second run which were exposedto a fluence of
130 x 1o n/cm2. Both sets of data exhibit a negative tem
peraturecoefficient overthe temperaturerangeof 5 K to 300 K.
A psnction temperature increaseover that rangecould easilybe

generatedby the 6500 A, 20 s currentpulseduring a quenchj6.
A positive temperaturecoefficient would causeincreasedheat
ing at the diode junction, ultimately leading to thermalrunaway
and devicefailure as hasbeenobservedin previously irradiated
diode types - Thus, the negative temperaturecoefficient for
the 156000 after the equivalent of over 500 yearsin the SSC
environment reducesthe possibility of this failure mode.
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Fig. 2. Forward voltage at 7,000 A vs. exposure for 056000
diodesirradiatedat 5 K.

S
..,..

Tr,

* 8.40,. InflatIon

o Aftur l.lxlO’4neuuronslcm2
s. -

4- 6 -

00 0
‘S 8

2 6 -

S S *

o I.,,. E.,
0 lOU 200 300

TemperatureK

Fig. 3. Pre- and post-irradiationprofiles of forward voltage at
7,000 A vs. temperaturefor 05600diodes.

Turn-on %lLage

The switching behaviorof a diode operating at liquid helium
temperature,shownin Figure 1, wasinvestigatedin moredetail
during the secondreactorrun. Pre-irradiationtestsshowedthat
the current through the diode in the ‘off’ state was well below
a microamp. Therefore,the turn-on phenomenaappearsto he
relatedto theelectricfield establishedby the forwardbias voltage
rather than by heatingof the junction causedby small leakage
currents.

Thesetests also revealedthat the magnitude of the forward
turn-on voltage is dependenton the most recentreversevoltage
or temperaturecycle. Figure 4 shows the relationship between
the turn-onvoltageand the amplitude of the reversevoltagepre
cedingthetest. After theinitial cooldownfrom 300 K to 5 K, the
forward turn-on voltagewas on the orderof 10 V. Subsequent
turn-on voltage measurementsgave a value of approximately 2 V
for all diodes. If a reversevoltageof 75 V or more wasapplied be
tweenmeasurements,however, the forward turn-on voltage was

increased,even exceedingits original value for large reversevolt.
ages. A similar recoveryof the turn-on voltage wasobserved if

the temperature of the diodewas increasedsufficiently between

measurementsof the turn-on voltage. Warming the diode to a

temperatureof 35 K was enoughto restorethe initial turn-on

voltageof approximately10 V.

During irradiation, a 200 V reversebiaswasapplied to the
diodes beforeeachmeasurementcycle to ensure full recovery of
the turn-on voltage. The subsequent measurementsof forward

turn-on voltageasa functionof exposureare shown in Figure 5.

A minima of 1.8 V was observedimmediately after the first it

Tadiationperiod, which wasequivalentto about20 yearsin the

SSC. This drastic decressefrom the pre-irradiationvalue 023 V

for theSantediodewasunexpectedandnoconsistent relationship

Was apparentbetweenturn-on voltageandRuence.
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ESTIMATE OF DIODE LIFETIME IN THE SSC
For thepurposesof this study, the lifetime of the DSG000diode

in the SSC environment was consideredto be limited solely by
the peak junction temperature reachedduring a quenchpulse.
This systematicfailure mode wasselected5111cc the dominant ef
fect from.. radiation damageis an increase in the forward voltage,
and therefore power dissipation, in the diode. The catalog spec
ification of 170°C wasusedas the maximum acceptablejunction
temperature.

A Finite Elementmodel was developedto predict the junction
temperature of the diode during an SSC quench pulse as a func
tion of forward voltage 6J. This model includesthe temperature
dependenceof the material properties andthermal contact scsi.
tatter, associatedwith the diode, its paclage, and its mounting
assembly. Due to the low specificheat of thesenutirrialsat liquid
helium temperatures, the junction temperaturequickly exceeds
SO K during a quench pulse. Above this temperature, the mag
nitncle of the temperature coefficient decreaseand the junction
teiziperotmire increaseslucre slowly. Therefore, a conservativea’
tiniate of the peak junction temperature wasobtained from the
nloleh by assuming a constant forward voltage drop throughout
the quench pulseequal to the forward voltagedrop at 80 K.

The result of this simplified model predictsa relatively lin
earrelationship betweenthe peak junction temperatureand the
forward voltagedrop. This relationship can be approximated by

Tj = 17OxVF$OK-221 1

where VF$0 K is the value of the forward voltage dropat 80 IC
From this equation, the maximum allowablejunction tempera
hire of 170°C will be reached when VF 80 K ii about 2.3 V, a
77% increaseabove the 1.3 V pre-irradiation value,

Front Figure 3, a 77% increasein forward voltage at 80 K
shouldroughly correspondsto a 77% increasein forward voltage
at S IC. From Figure 2. this increase at 5 K occursat a fluence
of about jot n/cm2, equivalent to more than 300 yearsof SSC
Operation.

CONCLUSIONS

The forward turn-on voltage of the diode at 5 K appearsto
he related to the electric field establishedby the forward bias
Filler no significant current flows during the’ off’ state. This
eliminatescoilcern that normal ramp ratesfor the magnetswould
generateuncontrolled leakagecurrents through the bypassdiodes
mid adversely affect the tuning of the machine.
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Fig. 5. Turn-on voltage at 5 K vs. neutronexposure.

A strong relationship was discovered between the forward
turn-on voltageof the diode and the moat recentreversevoltage
or temperaturecycle. During a quench pulse. the power dissipa
tion in the diodewould raiseits junction temperaturewell above
the 35 K level which. wait found to be sufficient to restore the c’rig’
inal turn-on voltage. Therefore, a diode which ha., conducteda
quenchpulsewill automatically have its forward turn-on voltage
restoredas the junction temperaturecoolsbackdown to the 5 K
ambient temperature.

The turn-ott voltage asa function of exposureexhibited erratic
behavior nun imexpectr-dlv low value, at moderateexIloslIres.
This l,elmaviorcreate, concernover the riTe-eta that a background
level of neutronradiation, ionizing radiation, and otherenergetic
particles will have on this critical parameter. Further theoretical
and experimentalstudies should be pursued to evaluate these
relationshipsand their potential impact on the properoperation
of diodes in the SSC.

The lifetime of ADD 056000diodesin the SSCradiation envi
roninentat an ambient temperatureof 5 K appears to be on the
order of 300 years. This estimate wasbased on the peak julic
tion temperatureexpectedduring a quench pulse after radiation
damagehas increasedthe forward voltageof the diodeat high.
currents. Since this is an order of magnitude greaterthan the
projected30 year lifetime of the SSCitself, systematicfailures of
diodedueto accumulatedradiation damagedoes not appearto
impact the feasibility of a passivequenchprotection system for
the SSC.
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