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SUMMARY

A passivequench protection systemusingcold bypassdiodes is
being consideredfor the main ring magnetsci the Superconduct
ing SuperCollide;, or SSC. Experimentaland theoreticaldForU
have identified a commerciallyavailable diode which appearsto
be capable ci surviving the ayogenlc temperature sadradiation
environment ci the accelerator. Preliminary reliability nulua
oas also IndIcate that the Lode would not bana ignitenat
Impacton the availability ci the accelerator.A passivequench
protectionsystemthereforeappears to be a viable option for the
SSC, although &rther studiesshould be performed to provide
a note comprehensive estimate ci the overall reliability ci the
system.

The proposedSupstcondutttng Super CoUldett is a proton-
proton collide, intended to permit investigationof elementary
particle. at distancesci 10 m a lee. Its primary featureIs
a pair ci storap lags where oppositelydirected proton beams
an each acceleratedto an energyc120 ThY end causedto col
lide head-onat dx ssperimentalhalls where the beamscan be
madeto noes.

The proton beamsare guided along the desired orbit through a
3.3 an 1.4. evacuatedtubeby asystemat approximasely10,000
superconducting bending and focusing magnets.Thesemagnet.
areoperatedat a temperature ci 4.35 K and requirea currentci
6,500 A to achievetheir design operating fields. The majimum
bending field strengthci 6.6 T reins the else ci the rings and
resultsin acircumfrrenceci 84 kin 53 Ses.

Eachof the magnets must be protectedagainstoverheatingdur
ing a quench, which is an undesirable transition from the super
conducting state to the normal resistivestate. When a quench
occurs,the current is transferred from the NbTi superconductor
to a copperstabiliserwhosefinite resistanceproducesjoule heat
ing. For SSC magnets,the time integralci the square of the cur
rent duringa quench must be limited below 11l0 A’s to avoid
permanent damage?This corresponds to an exponential current
decay wish a 0.52 sec time constant and requires a frst operat
ing switch to bypasscurrent around the quenching magnet.

A passivequench protection system is being considered for the
SSCwhich would useapowerdiode in parallelwith each magnet
to provide this fast bypasspath during a quench. The diodes
would be installedinside the magnet cryostats,subjecting them
to the 4.35 K operatingtemperatureof the magnetsand to an
energetic neutron ra4iation environmentdue to their proximity
to the proton bean,lines. The literature contains very little in-
formation relevant to this application of diodes which combines
cryogenic temperatures,high currents,and neutron radiation.
Therefore, a seriesat experimentaland theoreticalstudieshave

Ruben H. Carcagno
ResearchSc DevelopmentEngineer

SSC Central Design Group
Lawrence Berkeley Laboratory

Berkeley, California 94720

been perkrnsedto evaluate the feasibility ci a passivequench
protectionsystem for the SSC.

QUENCH PROTECTION SYSTEM FEATURES

The main rings ci the SSC are each divided into ten indepen
deatly powered &cuits, a sectors. Each .i these sectors is
spproximatelyS km longand coatainsa 300 V 6500 A power
supply connectedin sezleswith 432dipoles and72 quadrupoles.
The total sector inductanceis approximately22 5, with 1.12 Mi
cienergy storedI each dipole and 12 U ci energystored in
each quadrupcle. As shown in the simplified schematic of Pig
are 1, eachsectoralso includes four 0.28 0 dump resistors which
can be inserted in series with the power supply sad magnets.
If a quenchis detectedanywherein the sector, then resistors
are used to extract the energy stored in the remaining super
eondactlngmagnets. The nsultlng exponentialcurrent decayS
has a time constantci approximately20 eec, much longer than
the 0.52 sec required to adequatelylimit joule heating in the
quacked magnet.

Figure 1. Suiplifled schematicci a passivequenchprotection
system for one sector of the $SC.

The passivequench protection systemproposedfor the $SC uses
stat insteliedin parallel with each magnetto proride an e.u
tomatic, feat operating bypass path arounda quenchedmagnet.
The diodesare installed inside the cryostatto eliminate the need

for external connectiols and takeadvantageci the voltage con

trolled switch behavior ci a diode operating in liquid helium.
This characteristic,shown in FIgure 2, requires approximately
ISV ci forward bias before any significant current is conducted.
After current begins to flow, however, the heat generated in the
diode is sufficient to raise its temperatureand restorea rela

t%veiy normal S-V characteristic.During normal chargingd

dischargingof the magnet, the voltsgeacrossthe diode is suf
ficiently low that no current flows in the bypasspath. During
a quench, however, the resistive voltage developed inside the

magnet quickly exceedsthe "turn-on voltage of the diode and
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as, initial evaluation 01 the long term reliability of cold bypass
diodes in the 55C.

The Sandia model is a variation 01 the standard constant do,
niant failure rate model and distinguishes betweenpermanent
and intermittent failures. Permanent failures are the result 01
design and/or manufacturing Sstakei that show up on a rel
a*Jvel7 random basis with time, The "cyclic’ or intermittent
failures result from workmanship errors, process slips, a other
temporary problems In the manufacturing process. Then in.
terntittent failures occur at a rate too low to be detected by
normal burn-in testing and are frequently correlated to a par
Scular environmental condition such a temperature, vibration,
or pyslcal orientation. Using this model, the failure probability

where Q, Is the IntermIttent failure probability, A, I the per
manent failure rate, and T I the storage period. 1mm this
formulation it as be seen that the Intermittent failures are
non-time related and thereforedo not fit the standard constant
failure rate models.

The diodes monitored In the Sandia program had as accurnu
lated time In storage 01 1.15’ 10’ part’years, an averagen
5.9$ rats, sad an average 01 18.1 powered cycles per device.
Although no failures were observed,statistical estimates of the
failure rateswere calculated sQ5 n i*io’ and Q = 1-10’ a-
lag an upper 90% confidence bound and a 20 year storage time.
PM the 10,000 diodes In the SSC, these probabilities correspond
to less than one diode failure over the Ifetime of the machint

The only reliability Informatlo. available be diodO actually op.
erasing under SW type conditions is a result ci experiment.
performed at Deutsche Vektroaen-Synchgotro. DESY using
standard 056000 lode. in modlied packages.’ In these tests, 50
pairs of diodes sure waled to4 Kind sabjected to 20 hIgh eur
rent pubes very similar to those expected In tha SSC. This pro.
vides a reasonable simulation ci the SSC environment since the
average magnet is expected to sisstaln fawer than 50 quenches
during it. Ifetirne. None ci the diodes failed during these tests,
but the sample sine I statistically small in comparison to the
amber of diodes required for the 55G.

Both 01 these sourcee provide encouraging estimates ci the Sit
hility ci cold diodes, but additional work should be performed to
fully evaluate the reliability cia passive quench protection sys
tern. This evaluation should sddress the aectrical and mechan
ical performance of a statistically large set ci 056000 diodes a
a function ci all quantiflabte stresses,including quench pulse.,
radiation damage, thermal cycles, sad dormant storage. Any
observed failures should be carefully evaluated and classified a
permanent or intermittent to make most effective me of the
Sandia lure rate model. This extensive data base would then
permit a comprehensive estimate tithe reliability of a passive
quench protection system and its impact on the availability ci
the 55G.

COliC LUSIQIt$

The theoretical and experiments.] results presented here suggest
that a passivequench protection system using cold diodes is a
feasible option for the SSC. The radiation hardness and reliabil
ity lanes inherent to this type of system do not appear to pose

a serious threat to the availability of the accelerator to perforr,
its Intended function.

Irradiation experiments have identified a commercially anija
power lode which appears suMciently radiation resistant to
survive the expected radiation dose over the Efetirne of the ec
oelerator.Theoretical imulations have shown that the Oseoco
diode is more radiation resistant than the other commercially
availablediodes which have been tested primarily because of its
thinner base width. The minimal impact of radiation damage on
the performance characteristics of the 058000 suggest that is
diatli,a damage effects can be evaluated Independently ci other
types ci failure mechanisms when estimating the failure rates
due to each type ci stress.

Preliminary evaluations of published reliability data do not sug- say type ci systematic failure mechanisms which would
1St the availability .f the SW. Snce the estimated replace
ment time fur a diode Is 5-6 days, however, additional studies
should be performed ‘with larger statistical sample sues ci the
056000 diode and should include all possible dress factors. The
sssaltlng failure rate Information may then be used to evaluate
the desirability cilinplemeating a passive quench protection sys
tem fur the 55G.
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figure 4. Forward voltage at 6600 A vs exposure for 056000
diodes Irradiated at 5 K.

Theoretical Slinulations ci’ Radiation ects

Computer simulations of the classIcal radiation damage mech
anisms were performed and correlated to the damage observed
In the diodes Irradiated at 50 K. These thnulatlons were per
formed wIth SEDAN III, a on,.dhznenslonal program St the
solution of differential equations governing the motion ci cart!
as hr a semiconductor material. All SEDAN simulations were
performed with a specially defined ‘generic" power diode model
which was a reasonably accurate representation of all five types
ci diode, tested.

The theoretical simulations evaluated the relative contribution
at cryogenic temperatures Sr the three major room tempera
ture radIation damage mechanisms: reductions In carrier life
time, carrier concentration, and carrier mobility. ‘The result.
showed that the reduction In carrier lifetime remains the dom
inant damage mechanism even at cryogenic temperatures, with
effects from reduced carrier concentrations only becoming signif
icant after lifetime degradation has already rendered the diode
unusable for the intended application.

The results of simulations for diodes of varying base widths were
then correlated to the experimental data shown in Figure &
The carrier lifetimes for the experimental data point, were cal.
culated from

1 1 0’
‘ 1b K,

where r = post-irradiation carrier lifetime
= pre-irradiation carrier lifetime

0’ = neutron licence
K, = carrier lifetime damage constant.

A single value of K, = 2.7 . 105ns/cm2 provided reasonable
agreement between the experimental and theoretical data sets
over a wide range of base widths and exposure levels.

A strong relationship between base width and radiation hard
ness I apparent in both the theoretical and experimental data.

Proper diode performance in the high injection regime requires
that the majority ci the injected carriers traverse the fall width
of the base region before recombining. As radiation damage re
duces the carrier lifetime, the number of carriers traversing the
base is reduced and the voltage required to support the current
is increased. Therefore, a diode with a narrow base width, and
therefore shorter base transit times, will appear more radiation
resistant than a thicker diode.

The extent to which a diode can be radiation hardened by re
ducing its base width is limited, however. A minimum thickness
on the order of 25-50 microns I required to obtaIn acceptable
production yields of 50-75 mm diode wafers. In addition, the
reverse blocking Stage capability of the diode Is proportional
to ben width and may impose a more severe constraint if block
ing voltages greater than 100-200 V are required. Preliminary
tests of full, length SSC prototype magnet. have Indicated that
this voltage sating Is suMclent, however, and should not impose
a limitation on the selection cia bypass diode.
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YSgure S. Forward Stage at 25 A/cm’ vs carrier lifetime for
power diodes Irradiated at .50 K. Discrete symbols are measured
values; curved lines are computer simulations Sr diodes with the
base widths labeled in microns.

RELIABILrfl’ OF COLD DIODES

The Irradiation experiments indicate that the SSC should not
expect systematic diode failures due to radiation damage during
its 30 year lifetime. Since a passive quench protection system
would employ almost 10,000 diodes, lowever, the probability of
failure due to any failure mechanism must be carefully consid
ered. This issue I of particular concern for the passive system
because the replacement of a diode located inside the magnet
crycetat could take 5-6 days.

The Intermittent electrical and mechanical stresses on the by

pass diodes resemble the conditions in dormant storage pr&
grams for critical military electronics systems. Sandia National
Laboratory has proposed a two part failure model to describe
data from their dormant storage program which has monitored
some types of components for up to 20 yearsY The failure rate
data for diodes included in this program an thus be used in
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commutates the current out ci the magnet and mb the bypass Irradiation ‘I%sta at SQ K
circuit. If the magnet is sclf-protcting, or able to absorb its own
stored energy under all quench conditions, this passive circuit
reduces the time constant of the current decay in an individual
magnet to a safe level independent of the sector current.

1.5

‘0.5 I I , i
0 to is

Fo.watd VaaQa Vans

Figure 2. Switching behavior of 056000 diode at 4.5 K, using
a bias voltage step delay time of 1 second.

RADIATION HARDNESS OP COLD NODES

The radiation hardness of cold bypass diodes Is critical to the
success of a passive quench protection system because they are
expected to receive a 1 May equivalent neutron finance of 3.2.
10" n/cm’Iyear at theIr mounting location Inside the crycstat.
This flux Is produced by nuclear cascades created through beam
losses and interactions with residual gas molecules in the bore
tube. The energetic neutrons generated by these cascades S
place atoms in the lattice of the diode, increasing the forward
voltage drop during conduction and thereibre increasing the en
ergy dissipation during a quench pulse. If the junction temper
ature exceeds a specified limit typically 200-300 C, the diode
may be permanently damaged and subsequently degrade or pro
hibit proper operation of the accelerator.

The majority of published radiation damage studies, includ
ing those performed specifically for quench protection system
applications," have been based on room temperature irradia
tions of semiconductor devices, In these studies, a significant
level of thermal annealing, or repairing, of the radiation darn-
age occurred simultaneously with the radiation induced defect
formation. Since the annealing sate is a nonlinear function of
temperature and is very small at cryogenic temperatures? these
results cannot be used to directly extrapolate the performance
of SSC bypass diodes.

A series of experimental and theoretical studies have therefore
been performed to evaluate the radiation hardness ci commer
cially available power diodes under simulated SSC operating
conditions. The results of these studies will be briefly discussed
below; a more thorough treatment of portions of this informa
tion has previously been reported.TTM

A preliminary irradiation test was performed at 80 K to evalu
ate the relative radiation hardness of five types of commercial!j
available power diodes. This operating temperature was cho
sen to minimise thermal annealing effects without requiring the
additional complication and expense of a liquid helium coolant
system. A variety of experimental procedures were used to mon
itor the forward and reverse performance characteristics of the
diodes as a function ci exposure.

The data ‘a Figure 3 shows the change in forward voltage at a
current ci 500 A a a function of expoeure for a representative
of each diode type. One of the diode types, the 056000, showed
only a 5% Increase In forward voltage alter the full apoeure of
1.2 10" n/ca3. The four remaining diode types showed suM-
dent degradatloa by the end of the irradiation that they would
have failed if subjected to an SSC qiisenëh pulse.

a

I

I
I

$

S

4

2

0

1
1111111

Tsripsratsn-$OK .

0

-

OM200 .

-.sm0
. OOSAiaos .

*RA20.A U
. .ns :

-

: 0
*

:
:/

*-- a

:
*

.

I I ....,,.. I
jolt lot’

Hasten rvr.., ne4Sgns/cm2
IO

Figure 3. Jbrward voltage at 500 An exposure for power diodes
Irradiated at SO K.

Irradiation Thts at S K

The comparative irradiation test at SO K showed the 056000
to be the most radiation resistant of the diode types tested and
Indicated that It might be a suitable candidate for use as an SSC
quench bypass diode. This diode type was therefore selected for
further irradiation testing at 5 K to more accurately simulate
the actual SSC environment.

Figure 4 shows the change in forward voltage for six 056000
diodes as a function of exposure at 5K. A 300 pa sinusoidal cur
rent pulse was used for these measurements to minimise ther
mal annealing as a result of increasing junction temperature
during conduction. This conservatively overestimates the diode
response during a long pulse due to the large negative tempera
ture coefficient of the voltage at cryogenic temperatures. These
results combined with calculations of the maximum power dis
sipation permitted by the temperature rating of the diode, indi
ate that all dx diodes were capable of surviving an SSC quench
pulse after a total exposure of approximately lO’ n/cm’, equiv
alent to 300 years in the average SSC location.
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