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SUMMARY

A passive quench protection system using cold bypass diodes is
being considered for the main fing magnets of the Superconduct-
ing Super Collider, or SSC. Experimental snd theoretical efforts
have identified & commercially available diode which appears to
be capable of rurviving the eryogenic temperature and radistion
environment of the accelerator. Preliminary reliability evalue-
tions also indleata that the diods would not have » sgnificant
impact on the avallability of the sccelerator. A passive quench
protection system thetefote appears 1o be a viable option for the
SSC, although further studies should be performed to provide
a mote comprehensive estimate of the overall reliability of the
sysiem,

INTRODUCTION

The ptoposed Superconduciing Super Collides i a proton-
proton collider intended to permit investigation of dementary
patticles at distances of 10=1* m o less. Its peimary feature ks
. & palz of storage rings where oppositely directed proton beams
are each sccelerated io an energy of 20 ToV and caused to col-
Ede head-on at six experimental halls where the beams can be
' made to cross,

. ‘The proton beams are guided along the desired cebit through o
3.3 em Ld. evacuated tube by & eystem of approximately 10,000
- superconducting bending and focusing magnets. These magnets

are operated at a temperature of 4.38 K and require a carrent of
" 8,500 A to achieve their design operating felds. The maximum
bending field strength of 6.6 T goveras the sise of the rings and
results in & circumference of 84 km (63 miles).

Each of the magnets must be protected against overheating dur-
ing a quench, which is an undesizable transition from the super-
conducting state to the normal resistive state. When a quench
occuts, the current is transferred from the NbTi superconductor
to a copper stabiliser whose finite resistance produces joule heat-
ing. For SSC magnets, the time integral of the square of the cur-
rent duting & quench must be limited below 11:10° A2. 3 1o avoid
permanent damage.? This corresponds 1 an exponential current
decay with a 0.52 sec time constant, and requires a fast operal-
ing switch to bypass current around the quenching magnet.

A passive quench protection system is being considered for the
SSC which would use & power diode in parallel with each magnet
to provide this fast bypass path during s quench. The diodes
would be installed inside the megnetl cryostats, subjecting them
to the 4.35 K operating temperature of the magnéts and to an
energelic neutron radiation environment due 1o their proximity
to the proton beam lines. The literature contains very httle in-
formation relevant to this application of diodes which combines
etyogenic temperatures, high cutrents, and neutron radiation.
Therefore, a scries of experimental and theoretical studies have
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been performed lo evaluate the fLasibility of a pessive quench
protection system for the SSC.
QUENCH PROTECTION SYSTEM FEATURES

The main rings of the SSC are each divided into ten indepen-
denily powered circuits, oc sectors. PEach of these sectors is
spproximately 8 km long and contains & 300 V, 8500 A power
mpply connected in series with 432 dipoles and 72 quadrupoles.
The total sector inductance is approximately 22 H, with 1.12 MJ
of energy stoted in each dipole and 12 kJ of energy stored in
each quadrupole. As shown in the simplified schematic of Fig-
are 1, each sector slso includes four 0.28 £l dump resistors which
can be inserted in series with the power supply and magnets.
If & quench s detected anywhere in the sector, these resistors
are wed to extract the energy stored in the remaining super-

conducling magnels, The resulling exponential curzent decay:
has & time constant of approximately 20 se¢, much longer than

* the 0.52 see required to adequately limit jonle heating in the
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Figure 1. Simplified schematic of & passive quench protection
system for one sector of the SSC,

The passive quench protection system proposed for the SSC uses
a diade instelled in parallel with ecach magnet to provide an su-
tomatic, fast operating bypass paih around a quenched magnet.
The diodes sre installed inside the cryostat to eliminate the need
for external connections and take advantage of the voltage con-
trolled switch behavior of s diode operating in liquid helium.
‘This charactetistic, shown in Figure 2, requires approximately
1S V of forward bias before any significant current is conducted.
After current begins to flow, however, the heat generated in the
diode is sufficient to mise its temperature and restore a rels-
Gively norms! -V characteristic. During normal d\upng and
discharging of the magnet, the voltage across the diode is sui-
ficiently low that no current flows in the bypass path. During
a quench, however, the resistive voltage developed inside the
magnet quickly exceeds the “turn-on” voltage of the diode and



an autial evaluation of the long term reliability of cold bypass
' diodes in the SSC.

The Sandia model is & variation of the standard constant dor-
mant failure rate model and distinguishes belween permanent
and intermittent failures. Permanent failures are the result of
design and/or manufecturing mistakes that show up on a el
atively mndom basis with time. The “cyclic® ot intermittent
" failures result from workmanship errors, process slips, or other
temporary peoblems in the manufscturing process. These in-
termitient failures occut at & tate too low to be detected by
normal burn-in testing and are frequently correlated to a par-
ticular environmental condition such m temperatuze, vibration,
ot physical ceientation. Using this model, the failure probability

ls given by
Q=Q¢+Apr

where Q, is the intermittent failure probability, A, i the per-
manent failure mie, and T i the storage period. From this
formealation it can be seen that the intermittent failures are
- mon-time related and therefore do not il the standard coastant
failure rate models.

The diodes monitored in the Sandis program had an accumu-
lated time in storage of 115 - 10° part-yeats, sn average age of
8.98 years, and an average of 18.1 powered eycles per devies,
Although no failures were observed, statistical estimates of the
fallure rates weee caleulated M Q, = 1:10~% and Q@ = 5:10-% wo-
ing an upper 90% confidence bonnd and a 20 year stocage time.
For the 10,000 diodes ia the SSC, these probabililies correspond
to less than one diode failuze over the Fetime of the machine.

The only reliability information svailable for diodes actually op-
ersting under SSC type conditions bs a result of experiments
performed al Deutsche Elekironen-Syachrotron (DESY) wing
standard DSE000 diodes in modified packages.’ In these tests, 30
pairs of diodes were cooled to 4 K and subjected to 20 high cur-
rent pulses very similar to those expected in the SSC. This pro-
vides a reasonable smulation of the SSC enviroament snce the
average magnet s expected to sustain fewer than 50 quenches
duting its kfetime. None of the diodes failed during these lests,
but the sample sise is statistically small in comparisen io the
namber of diodes required br the SSC,

Both of these soutces provide encoutaging estimates of the relia-
bility of cold diodes, but additional work should be performed to
fully evaluate the reliability of a passive quench protection sys-
tem. This evaluation should sddress the electrical and mechan-
ical performance of u statistically large set of DS8000 diodes as
a fanction of all quantifiable stresses, including quench pulses,
radiation demage, thermal cycles, and dormant storage. Any
observed faiiures should be carefully evaluated and classified w
permanent or intermitient to make most effective use of ithe
Sandis failure rate model. This extensive data base would then
permit & comprehensive estimate of the reliability of a passive

quench proteciion system and its impact on the availability of
the SSC.

CONCLUSIONS

The theoretical and experimental results presented here suggest
that a pessive quench protection system using cold diodes is o
feasible option for the SSC. The radiation hardness and reliabil-
ity imsues inherent to this type of system do not appear to pose

a serious threat lo the availability of the accelerator to perform
its intended function,

Irtadistion experiments have identifled & commercially availgble
powet diode which appears sufficiently rediation resistant to
mrvive the expected mdiation dose over the hifetime of the ge.
celezator. Theotetical simulations have shown that the DS8000
diode is more radistion resistant than the other commercially
svailable diodes which have been tested primarily because of ite
thinner base width. The minimal impact of radiation damage on
the performanee characteristics of the DS8000 suggest that re-
diation damage effects can be evaluated independently of other
types of fallure mechanisms when estimating the failure rutes
due to each type of stress.

Preliminary evaluations of published reliability data do not sug-
gest any iype of sysiematic failure mechanisms which would
Emit the svailability of the SSC. Since the estimated replace-
meat time br o dode s 5-8 days, however, additional studies
should be performed with larger statistical sample sizses of the
DS86000 diode and should include all possible stress factors. The
resulting hilure nte information may then be wsed to evaluate
the desirability of implementing s passive quench protection sys-
tem br the 8SC,
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Figure 4. Forwatd woltage at 6800 A vs exposure for DSGOOO
diodes irradiated ot § K.

T ical Simulati { Radiation Effsct
Computer simulations of the classical radiation damage mech-
anlems were performed and correlated to the damage obeerved
in the diodes irradiated at 80 K. These simulations weze per-
formed with SEDAN III, » cae-dimensional program for the
solution of differential equations governing the motion of carri-
ers in & semiconductor material. All SEDAN simulations were
performed with a specially defined “generic® power diode model

which was a reasonably accurate :epnoenuuon of all five types
of diodes tested.

The theoretical simulations evaluated the relative contribution
at cryogenic temperatures for the three major room tempera-
ture radiation damage mechanisms: reductions in carrier life-
time, carrier concentration, and carrier mobility. The results
showed that the reduction in carrier lfetime remains the dom.
inant damage mechanism even at cryogenic temperatures, with
effects from reduced carrier concentrations only becoming signif-
icant afler Efetime 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 s shown in Figure 5.
The carrier lifetimes fot the experimental dats points were eal-
culated from
LI . 2
T n + K,
T = post-irradiation carrier lifetime
T = pre-irradiation carrier Bfetime
$ = neutron fluence
K, = carrier hifetime damage constant,

A single value of K, = 2.7 - 10%ns/cm? provided reasonable
agreement between the experimental and theoretical dats sets
over & wide range of base widths and exposure levels.

A strong relationship between base width and radiation hazd-
Dess is appatent in both the theoretical and experimental data.

where

Proper diode performance in the ln;h injection regime requires
thet the majority of the injected carriers traverse the full width
of the base n;ion before recombining. As madistion damage re-
duces the carrier Efetime, the number of catriers traversing the
bese Is reduced and the voltage required to support the current
is increased. Therefore, a diode with & narrow base width, and
therefore shorter base transit times, will appear mote radiation
resistant than a thicker diode,

The extent o which & diode can be radiation hardened by re-
ducing its base width is Emited, however. A minimum thickness
on the order of 26~560 mictons is required to obtain scceptable
peoduction yields of 50-76 mm diode wafers. In addition, the
reverse blocking woltage capability of the diode is proportional
to base width and may impose & more severe constraint if block-
ing vollages greater than 100-200 V are required. Preliminary
tests of full length SSC prototype magnets have indicated that
this voltage miing s sufficient, however, and should not impose
a Emitation on the selection of & bypass diode.
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Figure 5. Forward voltage st 28 A/cm?® v carrier Bfetime for
power diodes radiated ot 80 K. Discrete symbols are measured
velues; curved knes are computer simulations for diodes with the
base widths hbele:.l. in microns. .

RELIABILITY OF COLD DIODES

The irradiation experiments indicate that the SSC should not
expect systematic diode failures due to radiation damage during
its X0 year Hfetime. Since a passive quench protection system
would employ almost 10,000 diodes, however, the probability of
failure duc to any failute mechanism must be carefully consid-
ered. This issuc s of particular concern for the passive system
becanse the replacement of a diode located inside the magnet
cryostat could take 58 days.

The intermittent electrical and mechanical stresses on the by-
pass diodes resemble the conditions in dormant storage pro-
grams for critical military dectronics systems. Sandia National
Laboratory has proposed a two part filure model to describe
dats from their dormant storage program which has monitored
some types of components for up to 20 years.® The failure rate
dsta for diodes included in this program can thus be used in



commutaies the current cut of the magnet and info the bypass
circuit. If the magnet is self-prot:cting, or able to absord its own
stored energy under all quench conditions, this passive drcuit
reduces the time constant of the current decay in an individual
magnet to a sale level independent of the sector cuttent.
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Figure 2. Switching behavior of DS6000 diode at 4.5 K, wing
a bias voltage step delay time of 1 second.

" RADIATION HARDNESS OPF COLD DIODES

The radiation hardness of cold bypass diodes s eritical to the
success of & passive quench protection system because they are
expected (o receive o 1| MeV equivalent neutron fluence of 3.2 -
10" n/cm?.year at their mounting location inside the cryostat.?
This flux is produced by nucleas cascades ereated through beam
losses and interactions with residual gas molecules in the bore
tube. The energetic neutrons generated by these cascades dis-
place atoms in the lattice of the diode, increasing the forward
voltage drop during conduction and therefore inczeasing the en-
ergy dissipation during a quench pulse. If the junction temper-
sture exceeds a specified limit (typically 200-300 C), the diode
may be permanently damaged and subsequently degrade or pto-
hibit proper operation of the uceknto:

The majority of published radiation dumge studies, includ-
ing those performed specifically for quench peotection system
spplications,** have been based on room temperature irradia-
tions of semiconducior devices. In these studies, a significant
level of thermal annealing, or repairing, of the radistion dam-
age occurred simuitancously with the radistion induced defect
formation. Since the annealing rate is & nonlinear function of
temperature and is very small at cryogenic temperatures,® these
resulis 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 of commer-
cially svailable 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.™
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Izadiation Teats ot 80 X .
A preliminary irradistion test was performed at 80 K to evaly-
ste the relstive rudiation hardness of five types of commercially
svailable power diodes, This operating temperature was cho-
sen Lo minimise thermal annealing effects without requiring the
sdditional complication and expense of a liquid helium coolant
syrtem. A wariety of experimential procedures were used to mon-

itor the forward and reverse performance characteristics of the
diodes as o function of exposure.

The dats in Figure J shows the change in forward voltage at a
current of 500 A as & function of exposure for a representative
of cach diode type. One of the diode types, the DS6000, showed
only & 5% increase in forward woltage after the full exposure of
1.2 10%% n/em?. The our remaining diode types showed suffi-
cent degradation by the end of the irradiation that they would
have failed if subjected to an SSC quench pulse.
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Figure ). Forward vollage at 500 A vy exposute for power diodes
ireadiated ot 80 K.

Leadiation Tests ot 6 K
The comparstive irradiation test st 80 K showed the DS600G
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
farther irradistion testing at 5§ K to more accurately simulate
the actual SSC environment.

Figure 4 shows the change in forward voltage for six DS6000
diodes as & function of exposure at 5 K. A 300 us sinusoidal cur-
rent pulse was used for these measurements to minimize ther-
mal annealing as s result of increasing junction temperatute
during conduction. This conservatively overestimates the diode
response during a long pulse due to the large negative tempera-
ture coefficient of the volisge at ctyogenic temperatures. These
results, combined with caleulations of the maximutn power dis-
sipation permitted by the temperature rating of the diode, indi-
cate that all six diodes were capable of surviving an SSC quench
pulse after & total exposure of approximately 10'* nfcm?, equiv-
alent to 300 years in the average SSC loeation.



