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EVALUATION

This program establishes the feasibility of developing a hybrid SCR
module by combining series/parallel SCRs on a single beryllia substrate.
The triggering circuits and voltage balancing circuits are also contained
on the substrate. The modules are stacked in series to provide greater
voltage holdoff.

An air-cooled 0.1% duty series switch ran successfully at 8.9 KV and
3000 amperes. A water cooled 0.5% duty single switch module switched 500
volts of 5000 amperes and showed promise for switching higher power pending
solution of heat removal problems.

An SCR switch has a potential for low cost, significantly smaller
size and weight, and greatly increased reliability relative to the thyratrons
commonly used in radar modulators. The hybrid chip approach of this effort
has additional advantages over packaged devices in that a switch can be
made even smaller, lighter, and cheaper. Also, the isolation of the
substrate allows significant circuit simplification and reduction in
interconnections.

/1 clfé w(?/zl ;&{mma,

'\ JAMES VANDAMME
Project Engineer




— S AT, 0 B n MAAEI O (N OW oW — ST TR

1.0 INTRODUCTION

This report contains the results of the Multiple Chip SCR Program conducted for

the Rome Air Development Center under contract number F30602-76-C-0197. This
program was performed by the RCA Missile and Surface Radar Division, Moorestown,
New Jersey, during the period from 12 March 1976 to 31 May 1977,

This program established the feasibility of developing a Hybrid circuit SCR (Silicon
Controlled Rectifier) module by combining a multiplicity of SCR Chips in a series/
parallel configuration on a single ceramic substrate. The circuit for simultaneously
triggering all of the SCR chips is included in the Hybrid circuit, A number of the

modules are connected in series to provide greater voltage capability.

To meet the SOW requirements (Appendix A), a '"'10 chips in parallel' design was
chosen. To obtain an optimum form factor, and to optimize trigger circuit design,
two of these parallel groups were placed in series on a single 2,6' by 8" beryllia
substrate. Thus, the RCA module design incorporates two RADC '""Multiple Chip

Packages'' on one beryllia substrate,

Two of these modules were fitted with water jacket attachments for high duty cycle
liquid cooled tests. Most were fitted with air cooling fins for use in a series air
cooled switch, Ten air cooled modules were connected in series to produce a high

voltage modulator switch,

The performance achieved during the test program was as follows:

Liquid Cooled Air Cooled teries Stack
Parameter Module (10 Modules in Series)
Peak Voltage 500V 8.9 KV
Peak Current 5 KA 3 KA
Pulse Width 20 usec 10 usec
Rise Time 2-1/4 usec 1 usec
Duty Cycle 0.005 0.001

Some of these parameters were limited by available test set parameters: Particularly
voltage and rise time for the liquid cooled module. The results achieved, particularly

in the case of the series stack, are attractive for radar modulator applications.
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2.0 BACKGROUND

The roots of the Multiple Chip SCR Program extend back to 1973, when RCA was
engaged in a study of super power modulators (Reference 1), During this study,
RCA became interested in the use of a multiplicity of small SCR's in series/parallel
connection for a super power pulse switch. This interest was pursued, first in

internal programs and then by contract (References 2 and 3).

The final outcome of these efforts was a successful switch module using 10 small
packaged SCR's (2N3873) in parallel. The packaged SCR devices were mounted on
a water cooled aluminum heat sink, and proved to be capable of conducting 6000
amperes peak with 20 microsecond pulses at 0.005 duty cycle. Twenty of these
modules were stacked in series to provide a 10 KV (peak) switch (Reference 2), and
thirty were stacked in series to provide a 15 KV switch (Reference 3).

During the latter portion of these efforts, a concept was developed for a Hybrid
circuit SCR module. Advantages to be gained (over packaged devices) are:

e Significantly smaller in size and weight.

e Two parallel groups may be connected in series on one substrate,
reducing interconnections. (See Section 4. 2)

e Electrical isolation of SCR anodes from heat sink allows significant
circuit simplification. (See Section 4. 2)

e Potential low cost, competitive with thyratrons.

A proposal (in response to RADC PR A-6-1039) for developing such a module
(Reference 7) was supplied to the Rome Air Development Center, resulting in
the Present contract: F30602-76-C-0197,

PR o P | .




3.0 PROGRAM OBJECTIVES

3.1 SOW SUMMARY

The statement of work applicable to this program is reproduced in Appendix A to

this report. A brief summary of the tasks and technical requirements is listed

below:

1.
2,

3.

4.

5.

6.

9.
10.

Design, fabricate, and test of a multiple chip silicon controlled rectifier.

Investigation of Multiple Chip configurations in typical standard packages
such as flat packs or "Hockey Puck" types and/or hybrid assemblies on
beryllia substrates or other materials of equal thermal characteristics.

The number of individual chips to be mounted within the package selected
shall be determined by physical size and electrical isolation limitations.

The distribution of trigger signals shall be integral within the package.
DC isolation shall be provided when multiple packages are stacked in series
for higher voltage operation.

The minimum chip size to be considered shall be in the 600V, 600 Ampere
range.

The objective ratings for the multiple chip package shall be:
e 600 Volts

e 6000 Amperes

e 0.005 Duty

e 20 Microsecond Pulse

e One Microsecond current Rise Time

Control of Rise and Fall Time so as to be no worse than that of a single
device.

The design of the thermal dissipation system shall include any effect on
package size and provide means for stacking packages to enable series
operation at high voltage without susceptibility to corona, arcing, or serious
current leakage through cooling system.

Deliver ten sample devices at end of contract.

Prepare Preliminary Hazard List.

3.2 SUMMARY OF ACCOMPLISHMENTS VERSUS THE OBJECTIVES

Table 3-1 summarizes the task descriptions and status, with a cross reference

between SOW paragraphs and paragraphs of this report.

ade




TABLE 3-1,

SUMMARY OF ACCOMPLISHMENTS

SOW Short Report
Task No. Description Status Reference
4,1,1 Design, Fabricate, and Complete 4, 6, and
Test /i

4.1,2 Investigate Package Complete 4,2
Configuration

4.1.3 Selection of number of Complete 4,2
Chips per package

4,.1.4 Trigger Distribution Complete 4,2
Design

4,1.5 Minimum Chip Size Complete 4,1

4,1.6 Objective Ratings Complete Tols T2

4,1, 7 Rise and Fall Time Complete 4,2
Control

4,1.8 Thermal Design Complete 5.

4.1,9 Sample Deliveries *

4,1,10 Preliminary Hazard List Complete Appendix C

*Will be delivered at end of contract (31 May)

in accordance with SOW requirement.

-t -
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4.0 MODULE DESIGN

4,1 CHIP SELECTION

Paragraph 4. 1.5 of the statement of work (Appendix A) required that the minimum
chip size be in the 600 volt, 600 ampere range. Since this was considered to be
near optimum for the rise times and pulse widths required, a specification was
written for a 600 volt peak, 600 ampere peak chip. This specification is attached
to this report as Appendix D, Other key chip specifications were:

e RMS Current Rating: 40 Amperes

e Current Pulse Rise Time: 1 Microsecond
e Recovery Time: 40 Microseconds Max.

e  Off State dv/dt: 20 V/Microsecond, Min,
e Center Fired Gate

e '"Shorted Gate' Design

e 0.20 inch Square Chip

e Glass Passivated Chip

e 95/5 Solder Coated Electrodes

The best chip offer was from Unitrode Corporation, Watertown, Massachusetts.
Unitrode offered their SCR chip R044060 to satisfy the requirement. Following a
trip to Unitrode to discuss the chip application, a quantity (500) of these chips were

procured for this project.

4,2 CIRCUIT DESIGN
The circuit design was closely patterned after the previous successful design using

packaged devices (See Figure 4-1).

The circuit of Figure 4-1 operates as follows: The 10 main SCR's, SCR2 through
SCR11, are connected in parallel with the anodes connected to a common heat sink.
The main SCR's are triggered simultaneously from a common gate bus, via gate

current sharing resistors R2 to R11 and isolating diodes D3 to D12, The gate voltage

is derived from the main anode to cathode voltage, which is stored on C1 and
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transferred to the gate bus when the trigger SCR, SCR1, is triggered. SCR1l's
gate trigger comes from the secondary of pulse current transformer T1, a small
ferrite toroid with a 50 turn secondary and a one turn primary., The primary turn
is a high voltage insulated wire. The primary wire can be threaded through any
number of module toroids, triggering all of these modules simultaneously when a
50 ampere current pulse is fed through the primary wire. Thus, series (and high

voltage) operation is easily achieved with a simple trigger circuit.

With the hybrid chip circuit on an insulating beryllia substrate, some simplifica-
tions and improvements were possible:
e Testing with the packaged device circuits has shown that isolating diode

D1 was not necessary, and that one capacitor (C1) was adequate for voltage
division in a series string. Accordingly, D1 and C2 were eliminated.

e The Circuit fuses can be located in the anode leads, which are now
electrically isolated from each other, This in turn allows the elimination
of gate isolating diodes D3 through D12, which had previously been required
to prevent the gate circuit being shorted to the anode bus through a failed
SCR.

e The same type of SCR chip is used for the pilot SCR as for the main SCR's.
Although overrated for the application, it will simplify the manufacturing
process and enhance reliability.

e Because of the smaller size of the chips, it is convenient to place two
circuits similar to Figure 4-1 in series on a single substrate, This results
in a better form factor when stacking modules in series.

Figure 4-2 is a schematic diagram of the resulting SCR multichip module. The
module contains 22 SCR chips: 10 in parallel by 2 in series plus 2 trigger (or pilot)
chips. As pointed out earlier in Section 1.0, this module contains two RADC
""Multiple Chip'" packages.

4,3 CIRCUIT LAYOUT

Trial layouts were made by hand to determine optimum physical layout and substrate
size. The information was then transferred to the applicon automatic drafting

system to generate complete layout information and printed circuit screen information.
The resulting drawings comprise sheets 1 through 17 of RCA drawing number
HS12577-1 (Appendix F of this report).
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The composite layout is also shown in Figure 4-3, Callouts shown in Figure 4-3

are identified as follows:

. Beryllia Substrate
. SCR Chip Anode Contact

1

2

3. SCR Chip Cathode Contact

4, SCR Chip Cathode Contact

5. Gate Bus
6. Anode Terminal (1 of 5)
7. Cathode Terminal (1 of 5)
8. Gate Connection (1 of 22)
9. Intermediate Bus

10. SCR Chip

11, Toroidal Trigger Transformer (1 of 2)

12, Capacitor (1 of 2)

4,4 HYBRID CIRCUIT DESIGN

After finalizing the circuit layout, a sketch and specification was prepared for the
Beryllia Substrate. A copy of the substrate specification is attached to this report
as Appendix E, These substrates were supplied by Ceradyne, Inc., under a com-

petitive procurement.

From the Applicon drawings (Appendix F), screen drawings were generated. These
screens, procured from a local firm, were used to print the thick film hybrid circuits

on the beryllia substrates:

e Conductor Metallization
e Resistor Patterns

e Dielectric Patterns
The hybrid circuit processing procedure (simplified) is as follows:

e Screen, dry and fire conductor pattern on substrate
@ Screen and dry first resistor pattern

e Screen and dry second resistor pattern

-9-
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Fire Resistors

Screen, dry, and fire insulator pattern

Trim Resistors

Attach connector pads to BeO substrate with 95-5 solder
Attach anode and cathode pads to SCR chips with 95-5 solder
Test and categorize SCR chips

Attach SCR assemblies, gate leads, and miscellaneous components to B¢O
substrate (with 63-37 solder reflow)

Apply silicone dielectric coating to SCR chips
Preliminary module test

Attach cooling fins to module (epoxy)
Final module test.

all=




5.0 THERMAL ANALYSIS

5.1 SCR CHIP POWER DISSIPATION
For short pulses (10 to 20 microseconds), the device voltage drop during the pulse
is not constant: Several microseconds are required to reach minimum drop. From
observations and measurements made on both packaged devices and chips over the
past several years, the following conclusions were reached:
(a) For the chip size under consideration, and for peak currents of hundreds
of amperes, the resistive component of voltage drop dominates the semi-

conductor junction drop, i.e., the devices are nearly linear in the high
peak current region.

(b) The average value of voltage drop over a 20 microsecond pulse, with
600 amperes peak current, is about 12 volts for this size device, when
properly triggered.

(c) The device on state resistance is highly sensitive to gate trigger current:
Higher gate trigger current gives lower on state resistance.

(d) Variation in on state resistance among typical devices ranges up to about
+ 20%.
The range of applications envisioned for the multichip SCR module is from 3,000
amperes peak at 0,001 duty to 6,000 amperes peak at 0,005 duty, In terms of the
individual chip, the range is from 300 amperes peak at 0.001 duty to 600 amperes
peak at 0.005 duty, which is a range of 20:1 in device dissipation: from 1,8 watts

average to 36 watts average per chip.

This range of dissipations is to be demonstrated by an operation at each extreme:
An air cooled operation at the lower dissipation and a liquid cooled operation at

the higher dissipation, Table 5-1 shows the parameters to be demonstrated:

=ifs




TABLE 5-1, SWITCH OPERATING PARAMETERS

Forced Forced
Parameter Air Cooled Liquid Cooled

Pulse Width 10 usec, 20 usec,
Repetition Rate 100 pps 250 pps
Duty Cycle 0.001 0.005
No. of Modules 10 in series 1
Peak Voltage 10 kV 600 Volts
Peak Current 3 KA 6 KA
Peak Power 15 MW 1.8 MW
Average Power 15 kW 9 kW
Average Module
Dissipation 36 Watts 720 Watts
Average SCR
Dissipation 1.8 Watts 36 Watts
SCR Dissipation/
Pulse 0. 018 joules 0. 144 joules

For the analysis presented in sections 5.2 and 5. 3 following, it is assumed that
the average module dissipation is 750 watts in the forced liquid cooled case, or
37.5 watts in the air cooled case. (This assumption amounts to an "upward"

rounding off of the 720 watt calculated figure to 750 watts. )

5.2 CHIP TRANSIENT TEMPERATURE RISE
During the pulse, it may be assumed that little (or none) of the dissipated energy
will leave the SCR chip. This slightly pessimistic assumption will yield a "worst

case'' value for the chip transient temperature rise during the pulse.

Figure 5-1 is a cross section of the SCR chip geometry. For the transient analysis,
it was assumed that the dissipated power would be dissipated in equal amounts at
each of the three semiconductor junctions. This is, once again, a pessimistic
assumption since much, if not most, of the power will be dissipated in the bulk

2
silicon as an I R loss.,

-13-
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Figure 5-2 is a cross section diagram showing the simplified chip geometry used
in the analysis. The chip power dissipation (7500 watts peak for the high power
case; 3750 watts peak for the lower power case) was assumed to be divided equally
among the three semiconductor junctions, as indicated by "Q1", "Q2", and "Q3" of
Figure 5-2,

The transient temperature rise was analyzed on a Hewlett Packard Model HP9830
calculator, using a stepped analysis with 1/2 microsecond steps. Using chip
dimensions as given in Figure -2, and utilizing handbook constants for the specific
heat and thermal conductivity of silicon and solder, the appropriate equations

were derived as follows:

(a) For the lower power case:

3,000 amperes

3,750 watts

Peak Current

Peak Dissipation

Pulse Width = 10 microseconds

T6' = 0,98461104 TG + 0.01538896 T7 + 0,614957

T7' = 0,01295057 TG + 0,97193867 T7 + 0.015109945 T8 +0.517549
TS' = 0,0201466 T7 + 0, 94819447 T8 + 0.03165894 T0

To' = 0,0118721 T8 + 0. 98642449 T0 + 0.0017034 T9 + 0, 2587747

In these equations:

e The temperatures (T's) are in degrees fahrenheit above the starting
temperature

e T' denotes temperature 1/2 microsecond after the previous
calculation.
() For the high power case:
Peak Current

6,000 amperes
7,500 watts

Peak Power
Pulse Width

T6' 0.98461104 T6 + 0.01538896 T7 + 1, 2299

T7' 0.01295057 TG + 0, 97193867 T7 + 0.015109945 T8 + 1,035098

20 microseconds

]

-15=
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Ts' = 0.0201466 T7 + 0.94819447 TS + 0,03165894 '1'0

'1‘0' = 0,0118721 TB + 0,98642449 TO + 0.0017034 T9 +0.5175494

Where the definitions are the same as for the lower power case,

The calculated junction temperatures were printed for 1/2 microsecond increments,
as shown in Table 5-2 for the low power case (3,000 ampere/10 microseconds) and
in Table 5-3 for the high power case (6,000 ampere/20 microseconds). The largest
transient junction temperature rise is calculated to be 26.40C (47.450F) at the end

of the high power 20 microsecond pulse.

It is concluded that temperature rise during the pulse is not serious over the intended
range of operations.

5.3 STEADY STATE TEMPERATURE RISE

The temperature rise from the semiconductor junction to the substrate surface may

be calculated using thermal conductivities. Thermal path resistances are calculated

from these material conductivities and the path geometry.

The chip manufacturer (Unitrode) indicates that the thermal resistance from chip
junction to chip surface is approximately 0. 6°C/watt. Other items in the thermal

path are:

e A Copper Pad

(4 watts/SQCM/°C/CM)
e A Solder Interface

(0. 4 watts/SQCM/°C/CM)
e The BgO Substrate

(3 watts/SQCM/°C/CM)
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TABLE 5-2, TRANSIENT CHIP TEMPERATURE RISE
(LOW POWER CASE)
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TABLE 5-3. TRANSIENT CHIP TEMPERATURE RISE
(HIGH POWER CASE)
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The following table summarizes the calculated thermal resistances from the chip
junction(s) to the surface of the Beo substrate:

Path Material Resistivity, °C/Watt
Chip (Silicon) 0.6
Copper Pad 0.04
Solder Junction 0,05
BeO Substrate 0,16
Total 0.85

Using the above value for thermal resistance, the total temperature rise from
substrate surface to the chip junction may be calculated for the two primary
operating conditions:

Condition Dissipation/Chip AT
I. Low Power 3,75 watts 3.2°C
I. High Power 37.5 watts 32°¢

The final cooling medium will be forced air in Case I (low power), and liquid in
Case II (high power).

Two additional factors must be kept in mind:

e The transient (during the pulse) temperature rise, calculated in Section
5~2, must be added to the steady state rise to obtain the peak temperature
rise, b

e The maximum allowable junction temperature is 125°C.

From these additional factors, the maximum permissible substrate (BeO) tempera-
ture is calculated to be: '

e For Casel (low power): 114, 8°C
e For Case IT (high power): 66, 6°C
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The final step in solution of the cooling problem is to supply adequate air flow
(Case I) or liquid flow (Case II) to maintain the B,O surface at or below the
indicated temperatures.

The peak dissipated power flow, through the B,O surface immediately opposite the
SCR chip, is approximately 5 watts/sq. cm. for the low power case and approxi-

mately 50 watts/sq. cm. for the high power case.

For the high power case, direct cooling of the BgO with a forced liquid flow,
using water or a fluorocarbon, can hold the B,O temperature to approximately
20°C above the coolant temperature, Thus, a forced liquid coolant at 40°C

(max.) can hold the B,O substrate temperature below the 66°C maximum allowed.

For the low power case, forced air cooling is appropriate. With the aid of copper
fins cemented to the substrate, an air flow of 600 linear feet per minute, past

the fins, holds the substrate temperature rise to approximately 35°C above ambient
(experimental result).

Thus, for the low power case, an ambient air temperature up to 65°C is permissible

with the indicated air flow.

A Rotron "TARZAN" fan, supplying 270 CFM air flow at 0. 2 inches of water static
pressure, supplies 650 feet/minute over the 59 square inch intake area of the 10 KV

series switch stack.

5.4 CONCLUSIONS
The above analysis indicates that the Hybrid Multichip SCR modules should perform

as required without excessive temperature rise.

In fact, as documented in sections 7 and 8 of this report, the objective peak current
rating of 6 KA at 20 wsecond pulse width and 0,005 duty cycle could not be achieved
on a sustained basis. The problem must be thermal in nature, since 6 KA peak at

20 usecond pulse width was readily achieved at lower duty cycles.
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In searching for a reason (or reasons) for this discrepancy, the following possible

reasons have been identified:

e The value used for voltage drop (average over the pulse) may be in error
by as much as 2:1, 1, e., as much as 20 to 25 volts rather than the 12 volts
used in the analysis. This parameter is very difficult to measure because
of inductive effects and the pulse environment,

e The final stage of heat removal may be inadequate, Heavier fins, soldered
(rather than epoxied) might give more efficient heat removal in a forced
liquid bath,

Refer to Section 9 of this report (conclusions) and Section 10 (recommended future

programs) for additional discussion.
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6.0 SWITCH CONSTRUCTION

6.1 CHIP PROCESSING

The SCR chips are received from the vendor (Unitrode) in a 49 chip plastic carrier

as shown in Figure 6~1. The chip electrodes have been pre-tinned with 95-5 lead

tin solder. Before any meaningful high current tests can be made, anode and cathode
contacts must be soldered to the chips. Ten chips are shown in Figure 6-1 with anode
and cathode electrodes attached. The cathode electrodes have circular holes provided
to permit access to the gate electrode with either a test probe, or eventually with a
soldered gate contact. The first chips were assembled with straight, flat cathode
electrodes. However, the thermal expansion stresses set up during final module
assembly resulted in cracked chips. To solve this problem, thermal expansion loops
were provided in each cathode electrode (2 loops per cathode electrode) as seen in

Figure 6-1,

After electrode assembly, the individual chips were tested to 600 amperes peak in
the test fixture shown in Figure 6-2. Figure 6-3 is a schematic diagram of the chip
test fixture. At 600 volts peak on capacitor C1, the circuit provides a half-sine wave
shaped current pulse to the SCR under test (SCRUT), 600 amperes peak and approxi-
mately 10 microseconds across the base. Test repetition rate is approximately 3
pulses per second. (The low PRF precluded damage to the poorly cooled chip,

which might result from a higher PRF,) The SCR voltage drop is monitored at J2

by observing on an oscilloscope alternately with the current pulse. The voltage drop
is measured at the peak of the current pulse, and recorded. Typical voltage drops
observed were 24 to 26 volts, with a few units showing as little as 20 volts or as much
as 30 volts. The tested chips were categorized in increments of one volt and set

aside for final assembly.

6.2 HYBRID CIRCUIT CONSTRUCTION

The printed circuit portion of the hybrid circuit is screened onto the 8 inch by 2.6

inch by 0. 1 inch thick beryllia substrate as outlined in Section 4.4 (first 5 steps).
Figure 6-4 shows the circuit after the printing, drying, and firing process is completed.
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Next, the resistors are trimmed to +1% of the desired value using an abrasion

process.

The next step is to attach terminal pads to the substrate using 95-5 high temperature
lead-tim solder: Five each anode, cathode, and intermediate bus pads.

Next, the pre-tested SCR chip assemblies are attached to the substrate with 63-37
golder in a solder reflow process. Since the Chip assemblies and the terminal
pads were processed with 95-5 high temperature solder, the 63-37 reflow process
does not loosen previously attached parts. Each parallel group of ten SCR chips
is selected from a common voltage category, as determined in the chip test
(Section 6. 1). The SCR Gate contacts are also attached during this step, using
63-37 solder.

Finally, the trigger toroids are attached using an epoxy adhesive, the capacitors
are attached with lacing cord, and the final electrical connections (diodes, toroids,
and capacitors) made using a large soldering iron,

Figure 6-5 is a photo of a completed module, ready for electrical test.

To weed out initial defects, each module is subjected to a severe preliminary
screening test with conditions as follows:

e Pulse Width: 14 usec.

e Repetition Rate: 50 pps

e Peak Voltage: 600 Volts

e Peak Current: 6 KA

e Duty Cycle: 0.0007

e Air Blast on Substrate

Each half of the module is subjected to this test for 30 minutes (one hour total) i.e.,
one half of the module is "'shorted' with a 470 ohm resistor for 30 minutes, then
the other half is ""shorted' for 30 minutes. This procedure insures that each half
of the module is stressed to 600 volts peak at the instant that gate triggers are
applied.
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After the module passes the preliminary test, cooling fins are epoxied to the '"back"
of the substrate (one fin opposite each main SCR) as shown in Figure 6-6, Each
half of the finned module is then put through a "final' screening test (to weed out any
handling failures) with conditions as follows:

e Pulse Width: 14 usec.

e Repetition Rate: 66.7 pps
e Peak Voltage: 600 Volts
e Peak Current: 6 KA

e  Duty Cycle: 0.00093

e Air Blast on Fins

e 15 minutes per 'half"

The modules are now ready for final application: In a serles stack; forced air cooled;

or immersed in a cooling liquid (oil or freon),

6.3 LIQUID COOLED MODULE

For the highest peak and average power operation (6,000 amperes peak at 0,005 duty
cycle) the modules may be immersed in a dielectric cooling bath, Mineral oil
(univolt N-36 or equivalent) may be suitable for some applications, with a Fluoro
Carbon Liquid (e.g., FC77) more suitable for the highest power operation. The
cooling bath must in turn be cooled: For example, by a liquid to water heat
exchanger.

Initial high power module tests revealed an inability to attain full objective power in
an oil bath. In a circulating Fluoro Carbon bath (FC77), full objective power was
obtained on one module for 4 hours, (Details in Section 7.2.) However, these
results could not be repeated.

In an attempt to improve these results, a water cooled cold plate was attached to
two modules (Figure 6-7). As is reported in more detail in Section 7.2, results
with the water cooled plate showed no improvement over tests with the Fluoro
Carbon bath,
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6.4 SERIES STACK
Ten modules were assembled in a series stack to achieve a 10 kV (maximum)
switch, Half of the modules in the series stack are fabricated in a '"left hand"

pattern in order to simplify the connections and minimize switch inductance.

Figure 6-8 is a photo of the assembled series stack. The High Voltage Trigger
Isolation Cable is seen on the right, as it loops through the 20 trigger transformer
toroids. The anode terminal (five eyelets) is on the left of the photo, and the
cathode terminal (five similar eyelets) is at the right. A rotron '""Tarzan' fan is

attached to the rear of the assembly to draw cooling air past the modules.

When the switch is triggered, the current proceeds down the switch in a composite
path shaped like a folded flat conductor: 4 inches wide by approximately 36 inches
long before folding, 10 inches net length after folding. Symmetrical connections
to the external circuit is important, to minimize current unbalance among the
paralleled devices.

Figures 6~9 and 6-10 show the assembled series stack mounted in the 10 kV test set.
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7.0 ELECTRICAL TESTS

7.1 LIQUID COOLED MODULE TESTS

The objective performance for a liquid cooled module is as follows:

Peak Voltage

Peak Current
Pulse Width
Repetition Rate
Current Rise Time
Duty Cycle

Peak Power

Average Power

1 KV

6 KA

20 usec
250 PPS
1 usec
0. 005

3 MW
15 KW

The available test set limits the maximum value of several of these parameters as

follows:

Peak Voltage
Current Rise Time
Peak Power

Average Power

600 Volts
2-1/4 usec
1.8 MW
9.0 KW

Module serial No. 2, without fins, was the first to undergo liquid cooling test. Initially

the module was simply immersed in an oil bath which was, in turn, water cooled via

copper tubing. Test parameters were as follows:

Pulse Width
Repetition Rate
Rise Time

20 usec
250 PPS
2-1/4 sec

In this test set, peak current is proportional to peak charging voltage: I = 10 V. The

peak current was raised in 1,000 ampere steps. After 13 minutes at 4,000 amperes

(400 volts peak), a failure occurred (4 chips failed short). Visual evidence of exces-

sive temperature (bubbles driven out of substrate) preceded the failure by a fow

minutes.
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The module was repaired, fitted with cooling fins, and used for the air cooled tests

of Section 7.2.

The finned module (#2) was then re-installed in the vilvouiing bath. This time, the
switch was operated at full peak (600 volts peak and 6000 amperes peak), and the duty
cycle raised in steps. After 13 minutes at 0.002 duty (20 usec pulse @ 100 PPS), a

massive failure occurred which made further repair impractical.

This last result was somewhat surprising and discouraging. It was concluded that the
fins did not assist with module cooling in an oil bath. The same module, with fins,

failed in minutes in an oil bath the same test which it survived for 60 minutes in air.

Attention was now directed to obtaining a forced liquid flow across the module in the
oil bath. Module serial No. 3 became available for the first forced liquid flow test
on 16 November 1976. This was a bare module (no fins) in a forced oil cooling bath.
The unit was operated at full peak (600 volts peak and 6 KA peak) and the duty cycle
raised in steps by increasing the PRF. The unit operated 70 minutes at 0. 004 duty
(20 usec @ 200 PPS). At the end of this run, the substrate temperature measured
82. 5°C in the center and 66°C at one end. The oil measured 61. SOC, and the cooling

water measured 37°C 4

The duty cycle was then raised to 0.005 (250 PPS) resulting in module failure in
approximately 30 seconds: Three SCR chips shorted.

Module serial No. 3 was repaired and retested. This time, to obtain extra cooling
effect, a forced circulation Fluoro Carbon bath (FC-77, boiling point 970C) was used.
After 57 minutes at full peak (6 KA and 0.004 duty cycle, three SCR chips failed short

(not the same 3 as the previous failure).

Module serial No. 3 was repaired again, and the test repeated. On 24 November 1976,
this module operated at the full 6 KA peak at 0. 005 duty cycle for a cumulative total
time of 4 hours (in two runs). Maximum substrate temperature was 73°C; maximum

FC=-77 temperature was 51°C.
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Module serial No. 4 was completed and tested in the FC-77 bath. Following some
initial difficulty (which was overcome), this module operated at full rating (6 KA peak
at 0.005 duty) for slightiy over 3 hours when a failure occurred. The module was re-
paired and retested three times; however, failure occurred quickly, at or near full

rating, on each occasion,

These test results indicate that the module is on the verge of failure at 6 KA peak and
0.005 duty cycle. This could be a result of inadequate cooling, or could be a basic

chip limitation.

In an attempt to obtain more effective cooling, Module serial No. 3 was fitted with a
water cooled cold plate, atteched to the '"back' of the substrate by a thin coating of
silicone adhesive. A full power test was run on 15 December 1976. Initial results
were very encouraging as the substrate temperature was measured at 440(3 (with
1500 water) compared to 730C with the FC-77 coolant. After about 20 minutes at full
power, two fuses blew in the hybrid circuit. Normal operation continued for an addi-
tional 3 minutes, when the operation was intentionally interrupted. The substrate
temperature had increased to 47°C during these final 3 minutes. Examination showed
that one SCR chip had shorted, and one fuse had opened in each parallel group, isolat-
ing the failed chip and one apparently good chip. Module serial No. 3 was then
operated (with 9 surviving chips in parallel in each half) at 4.5 KA peak, 0.005 duty
for over 4 hours (to demonstrate operation at 500 amperes average per chip, or

equivalent of 5,000 amperes peak for a complete module).

In the hybrid SCR chip circuit, it is not possible to measure individual chip currents.
However, it is possible to measure pulse currents in each of the five module terminal
connections, with a "clip on'' current transformer probe around the external bus wires.
Repeated measurements on several modules show that the two outer bus wires consis-
tently carry about 20% more than their share of the total current. It was theororized
that this effect is a form of '"Skin Effect' as applied to a broad flat conductor. In an
attempt to neutralize this effect, a module (serial No. 14) was assembled with higher
voltage SCR's in the outer positions and lower voltage SCR's in the center positions.
This module (#14) was fitted with a water cooled cold plate and tested in mid April

1977. Pulse parameters were:
-39-
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Pulse Width 20 usec

Current Rise Time 2-1/4 usec
Repetition Rate 250 PPS
Duty Cycle 0.005
Charging Delay 1.0 millisec

Charging Time 1.3 millisec

Peak Voltage 520 volts
Peak Current 5 KA

Peak Power 1.25 MW
Average Power 6.25 KW

Figure 7-1 shows photos of the pulse current and charging voltage waveforms.

This module (#14) was operated for a total of 8-1/2 hours at the 5 KA peak current

level.

A second water cooled module (Serial No. 26) was tested at the same level, but failed

(one shorted chip) after 22 minutes at 5 KA peak.

Module S/N 26 was repaired and retested on 20 May, operating at 5 KA peak and 0. 005
Duty Cycle for 30 minutes. The B,O substrate temperature was 122°C at the center,

and 61°C at one end, with 33.5°C cooling water temperature. S/N 26 was left in the

test set for Performance Tests on 24 May.,

At the conclusion of the testing period it seemed that the maximum current rating for

10 chips in parallel, at 0.005 duty, should be 5 KA rather than 6 KA.

7.2 AIR COOLED MODULE TESTS

The objective performance for a forced air cooled module is as follows:

Peak Voltage 1 KV
Peak Current 3 KA
Pulse Width 10 usec
Repetition Rate 100 PPS
Current Rise Time 1 usec
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(a) Pulse Voltage Drop.
(1/2 Module)
Vertical: 100 V/cm
Horizontal: 5 us/cm

(b) Pulse Current
Vertical: 2.5 KA/cm
Horizontal: 5 us/cm

(¢) Charging Voltage
Vertical: 250 V/ecm
Horizontal: 1 ms/cm

(d) Charging Voltage
Vertical: 250 V/cm
Horizontal: 500 us/cm

Figure 7-1. Liquid Cooled Module Operating Waveforms
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Duty Cycle 0.001
Peak Power 1.5 MW
Average Power 1.5 KW

Initial forced air cooled tests were made with module serial No. 2 with copper fins

epoxied to the '"back'' surface (see Figure 6-6). Two successful runs were completed

as follows:

Parameter Run #1 _Run #2 Units
Peak Voltage 600 600 Volts
Peak Current 6 6 KA
Pulse Width 20 20 usec
Repetition Rate 50 100 PPS
Current Rise Time 2-1/4 2-1/4 usec
Duty Cycle 0.001 0.002

Peak Power 1.8 1.8 MW
Average Power 1.8 3.6 KW
Length of Run 2-1/2 1 Hours

Some of the parameters (peak voltage, pulse width, current rise time) were limited

by the test set, and do not match objective figures. However, the results are encourag-
ing because both peak current and duty cycle are twice the objective values for forced
air cooled operation. The combination implies a switch dissipation 8 times the objec-
tive value (dissipation is proportional to (12) (Du). The peak voltage (0.6 of objective
value) and slow current pulse rise decrease switch stress, and thus act to moderate the
enthusiasm generated by the overall result. Nevertheless, it is felt that these results
show that the switch is easily capable of 3000 amperes peak at 0.001 duty.

7.3 TEN KV SERIES SWITCH TESTS

The ten KV series switch assembly was completed in late February 1977, and testing
began on 28 February. The ten modules were arranged by serial number as follows:
Anode End: 5, 20, 6, 21, 7, 22, 8, 23, 11, 24: Cathode End. Serial numbers above
20 are ''left handed" (Reverse Pattern) modules.
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The temperature of the lowest voltage substrate (serial No. 24) was monitored with

a thermocouple near the middle.

Objective pulse parameters were:

e Pulse Width: 10 usec
e Current Rise Time: 1 usec
® Repetition Rate: 100 PPS
e Duty Cycle: 0.001

e Peak Voltage: 10 KV

e Peak Current: 3 KA

e Peak Power: 15 MW
® Average Power: 15 KW

Actual test set parameters were measured as follows:

e  Pulse Width: 10 usec

e Current Rise Time: <1 usec

® Repetition Rate: 100 PPS

e Duty Cycle: 0.001

) Peak Voltage: 10 KV

e Peak Current: 2.8 KA

e Charging Delay: 1000 wusec
e Charging Time: 400 wusec
e Peak Power: 11 MW

e Average Power: 11 KW

After 37 minutes operation at this level, the series switch failed. Examination re-
vealed at least one shorted chip in each parallel circuit, and a total of 38 failures in

the 200 main SCR chips.

The modules were repaired, and a more rigorous screening procedure (module test)
instituted to attempt to weed out potential failures before another series test (see
Section 6,2 for description of screening tests). Some modules had to be repaired more

than once, and one module was discarded as it was judged to be non-repairable.
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The series switch was reassembled, adding a neon lamp indicator (in series with a
470 K ohm resistor) across each of the 20 series circuits (2 neon lamps per module).
This allowed visual detection of shorted circuits while operating at high voltage, thus
giving an opportunity to shut down for repair before extensive secondary failures

could occur.
Other measures taken were as follows:
e Additional inductance was added to the input section of the pulse forming net-

work, to increase the current pulse rise time to 1 usec.

e The load impedance was reduced 20% (to 1.17 ohms nominal) to insure a load
current of at least 3 KA at full voltage, and to increase the PFN inverse volt-
age to aid switch recovery.

e The charging period was increased to about 650 usec.
e The charging delay was increased to 8-1/2 milliseconds, in order to reduce
the time at full voltage.
The next series switch operation was conducted on 25 March 1977. The neon indicators
revealed shorts in two of the modules. These were repaired/replaced, and the series
operation resumed on 7 April. The module order, by serial number was: Anode End:

6, 20, 7, 21, 8, 22, 9, 23, 10, 25: Cathode End.

In addition to monitoring the neon lamps, frequent oscilloscope measurements of volt-
age distribution were made during the series tests. The maximum operating level

achieved was:

® Pulse Width: 10 usec

e Current Rise Time: 1 usec

e Repetition Rate: 100 PPS

e Duty Cycle: 0.001

e Peak Voltage: 8 KV

e Peak Current: 2.8 KA

e Charging Period: 600 usec

e Charging Delay: 8-1/2 millisec
e Inverse Voltage: ~800 Volts
e Peak Power: 9.4 MW

e Average Power: 9.4 KW
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The test level was limited to 8 KV maximum in order to avoid danger of failure.
This precaution was taken because of the short time period remaining to the Per-
formance Tests.

Figure 7-2 shows oscilloscope photos of the pulse curreat and charging voltage
waveforms. The maximum level noted above (8 KV/2.8 KA) was maintained for

2-1/2 hours on 12 April, and for an additional 2 hours on 18 April with no difficulty.




(a) Pulse Voltage Drop
Vertical: 2.5 kV/cm
Horizontal: 2 us/cm

(b) Pulse Current
Vertical: 1 KA/cm
Horizontal: 2 us/cm

(¢c) Charging Voltage
Vertical: 2.5 kV/cm
Horizontal: 2 ms/cm

(d) Charging Voltage
Vertical: 2.5 kV/cm
Horizontal: 200 us/cm

series Stack Waveforms
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PERFORMANCE TEST RESULTS

Performance Tests were conducted on 24 May 1977. Mr. J. Van Damme was present,
representing Rome Air Development Center, The tests were divided into two portions:

(1) Liquid Cooled Module and (2) Series Stack.

Liquid Cooled Module:
Module S/N 26 was tested first, operating for 75 minutes at the following

parameters:

Pulse Width: 20 microseconds
Current Rise Time: 2-1/4 microseconds
Repetition Rate: 250 pulses/second
Peak Voltage: 500 V

Peak Current: 5 KA

Pictures were taken of the pulse current and charging voltage waveforms. Iigure
5-1(a) shows the pulse current waveform (top trace) and switch voltage waveform
(bottom trace). Figure 8-1(b) shows the charging voltage waveform. The BeO sub-
strate temperature was 1120C in the center and 60°C at one end with 25-1/20C

water temperature,

S/N 26 was then removed and Module S/N 14 installed. Module S/N 14 was
operated for approximately 5 minutes at 5 KA peak, 0.005 duty cycle. The B,0
substrate temperature was (iOoC in the center and 62°C at one end with 27°C water
temperature. An attempt was made to raise the operating level to 6 KA peak, re-

sulting in immediate module failure (shorted).

Series Stack Test:
The Series Stack (ten modules in series) was operated for 53 minutes under the

following conditions:

Pulse Width: 10 microseconds
Current Rise Time: 1 microsecond
Repetition Rate: 100 pulses/sec.
Peak Voltage : 8 KV

Peak Current: 2.8 KA
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Vertical:

1 KA/em
100 V/em

Horizontal:

10 us/cm
(a) Pulse Current (Top Trace)
Voltage Drop (Bottom Trace)
Vertical:
100 V/cm
Horizontal:

1 ms/cm

(b)y Charging Voltage Waveform

['igure 8=1. Liquid Cooled Module Waveforms
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Pictures were taken of this operation, which was interrupted by an HV PS problem
(Variac failure), Figure 5-2 shows the ope rating waveforms. Figure 8-2 shows
the pulse current waveform (top trace) and switch voltage (bottom trace). FKigure
S-2(a), at 2 usec/cm, shows the entire current pulse while Figure 8-2(b), at 0.5
usec/cm, shows the rise time details. Figure 8-3 shows the charging voltage
waveform at 200 usec/cm (Figure 8-3(a)) and at 2 millisec/cm (Figure 8-3(b)).
Following emergency repairs, the series air cooled switch was operated an

additional 33 minutes with parameters as follows:

Pulse Width: 10 microseconds
Current Rise Time: 1 microsecond
Repetition Rate: 100 pulses/sec.
Peak Voltage: 8.9 KV

Peak Current: 3 KA

L.oad Resistance: 1.2 ohms

Peak Load Power: 10. 8 MW

Average l.oad Power: 10.8 KW

Additional pictures were taken of this final operation, shown in Figures 8-4 and
s=5. Figure 5-4 shows the pulse current (top trace) and voltage drop (bottom
trace) waveforms. Figure 8~5 shows the charging voltage waveform at 200

usec/cm (a), and at 2 millisec/cm (b).
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Vertical:

500 A/cm
2 KV/cm

Horizontal:

2 usec/cm

(a) Pulse Current (Top Trace)
Voltage Drop (Bottom Trace)

Vertical:

500 A/em
2 KV/cm

Horizontal:

0.5 usec/cm

(b)y Pulse Current (Top Trace)

Voltage Drop (Bottom Trace)

Figure 8-2, Series Switch Pulse Waveforms
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Vertical:

2 KV/cm

(a) Horizontal: 200 usec/cm

Vertical:

2 KV/cm

(b) Horizontal: 2 millisec/cm

Figure 8-3. Series Switch Charging Voltage Waveforms
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Pulse Current (Top Trace)

Voltage Drop (Bottom Trace)

Figure 8-4.

Series Switeh Pulse Waveforms

Vertical:

500 A/ecm
2 KV/em

Horizontal:

2 usec/cm



————

(a)

(b)

Horizontal: 200 usec/cm

Horizontal: 2 millisec/cn.

Figure 8=5,

Vertical:

2 KV/cm

Vertical:

2 KV/ecm

Series Switch Charging Voltage Waveforms
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9.0 CONCLUSIONS

Based on work done under preceding programs (References 2, 3, 5) RCA had previously
concluded that high power solid state pulse modulators, using a multiplicity of small
thyristors for the switch, are both feasible and desirable. This previous work was
centered on packaged devices of the 2N3873 press fit type, which is a 600 volt maxi-
mum, 35 amperes RMS maximum device. A multiplicity of small devices has a di/dt

advantage over a single large device, since the spreading distance is less.

The present program showed that utilization of small thyristor chips (40 amperes RMS
rating) with hybrid circuit techniques can significantly reduce the size and weight of

the thyristor switch. A size reduction of 3.5:1 in volume was achieved. Hybrid cir-

cuitry also has a potential manufacturing cost advantage over other techniques.

Difficulty was encountered in attaining sustained operation at the full objective ratings
(6 KA peak current at 0. 005 duty) for a liquid cooled module, and in attaining the full
objective voltage rating in a series connected stack. A modest reduction in current

and voltage ratings per chip results in a useful and practical hybrid switch.

Study of the test data shows that a large part of the difficulty in achieving full objective
ratings was thermal in nature. Improvements in heat transfer (see Section 10) would

improve current handling capacity at high duty cycles.

Summing up, the work performed under contract F30602-76-C-0197 demonstrated the
usefulness of the Hybrid Multichip SCR Concept.
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10.0 RECOMMENDED FUTURE PROGRAMS

It is recommended that effort be applied to improve the hybrid multichip SCR switch

in the following areas:

(@)

(b)

(c)

Improve heat dissipation:
e Solder on rather than epoxy on fins
As discussed in previous sections (5.4, 7.1, and 9.0), a severe thermal

problem was encountered at the maximum objective rating of 6 KA peak

current at 0,005 duty. It is felt that improvements in fin design, combined

with solder rather than epoxy attachment (epoxy has poor thermal conductivity),

could improve the thermal and electrical performance.

e Optimize substrate thickness
The thickness of the beryllia substrate is a compromise among several
factors:
e It must be thick enough for mechanical strength.
e A thin substrate has less temperature drop through the thickness.
e However, a thicker substrate provides more spreading of heat, thus
reducing thermal energy density.

e Cost is affected by thickness.

An analysis of the factors should be made to choose an optimum thickness.

e Determine optimum cooling liquid and cooling method.

Fault indicator: Built in neon indicator lamps.

An indicator lamp in series with a resistor gives an instant visual indication of
which modules in a series stack are operating normally, and which are shorted
(no light). An LED (Light Emitting Diode) might be more suitable than a neon

lamp.

Match fuses to the RMS Current Requirement
The individual SCR fuses are currently sized for the maximum rating: 6 KA at

0. 005 duty.

For lower peak currents and lower duty cycles, the fuse should be adjusted
accordingly to assure prompt isolation of a failed SCR chip.
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(d) Alternate chips

e Different vendor
The only vendor to respond with a suitabie chip offer at the on-set of this
contract was Unitrode. The field should be examined again to determine if
other manufacturers can now offer suitable chips.

® Larger chips
A slightly larger chip (e.g., 0.250" square vs. 0.200" square) should be
considered. Though time to full conduction would be slightly longer, total

average dissipation might well be less.

It is also recommended that a demonstration application for a solid state modulator be
funded. This could be a modest powered equipment . . . . e.g., up to 5 Megawatts
peak pulse power at 0.001 to 0.002 Duty cycle. An existing radar would be an ideal
test vehicle. The object would be to demonstrate high reliability of the solid state

modulator over an extended time period.
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PR A-6-1039 RESEARCH AND TECHNOLOGY WORK STATEMENT

1.0 OBJECTIVE

1.1 This is a program aimed at the development, fabrication and test of a new techni-
que for compact packaging within one envelope, of a number of small silicon controlled
rectifiers (SCRs). It is an objective to determine the most practical number of small
inexpensive devices which can be mounted within a single package and be simultan-
eously triggered to enable their individual currents to be efficiently combined in the

load circuit.
2.0 SCOPE

2.1 It is intended to develop techniques whereby a number of small SCR chips can be
packaged in one package. The number of devices to be mounted within one envelope
will be determined by the size of the package and reasonable limits of trigger com-
plexity. It is also intended to investigate methods of triggering the multiple chips
simultaneously so as to insure current and voltage equalization and still maintain as

an objective, the fast rise time integrity inherent in the small device.
3.0 BACKGROUND

3.1 Lightweight tactical radar systems presently in Air Force inventory and proposed
new systems have stringent size and weight specifications imposed upon them in order
to meet mobility requirements. Most of these systems employ line type modulators
because of their relative simplicity and low cost. Hydrogen thyratrons currently used
in line type modulators of the megawatt class require a filament supply with several
minutes warm up time, a high voltage system of diodes, inductors and pulse forming
networks often insulated with oil to avoid high voltage corona. These components are
heavy and are subject to failure due to vibration and mechanical shock. Recent develop-
ment programs with high power switch modules utilizing many SC R devices in parallel
indicate that SCR switches when properly configured for minimum size and weight will
result in significantly improved switches for line type modulators. This program is
an attempt to develop technology and circuitry to further improve devices to arrive at

a low cost, low volume, highly reliable, high power switch.

A-1
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4.0 TASKS/TECHNICAL REQUIREMENTS

4.1 The contractor shall provide engineering services, materials and facilities to
perform the following:

4. 1.1 Design, fabricate and test of a multiple chip silicon controlled rectifier.
4.1.2 The study shall include investigation of multiple chip configurations in typical

standard packages such as flat packs or "hockey puck' types and/or hybrid assemblies

on beryllia substrates or other materials of equal thermal characteristics.
4.1.3 The number of individual chips to be mounted within the package selected shall
be determined by physical size and electrical isolation limitations.

4.1.4 In each package configuration the distribution of trigger signals shall be integral
within the package. Entry of the trigger signal into the package shall incorporate means
for direct current (dc) isolation when multiple packages are stacked in series for

higher voltage operation.

4.1.5 The minimum chip size to be considered for this program shall be in the 600V,

600 Ampere range.

4.1.6 The objective ratings of the multiple chip package shall be:

4.1.6.1 Hold off voltage 600 volts

4.1.6.2 Peak pulse current 6000 amperes

4.1.6.3 Minimum duty . 005

4.1,6.4 Minimum pulsewidth 20 usec |
4,1,6.5 Service Continuous

4.1.6.6 Current rise time 10% to 90% in 1 usec.

4,1.7 Design shall include confrol of the rise and fall time so as to be no worse than

that of a single device.
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4.1.8 The design of the thermal dissipation system shall include any effect on package
size and provide means for stacking packages to enable series operation at high volt-
age without susceptibility to corona, arcing or serious current leakage through cooling

system.
4.1.9 Delivery of ten (10) sample devices at end of contract to RADC.

4.1.10 Safety. A Preliminary Hazard List (PHL), Data Item DI-H-3278, shall be
prepared by the contractor and delivered to the Government within 60 days after award
of contract. This list shall address as a minimum the checklist items contained in
the Checklist of General Design Criteria, AFSC DH 1-X DN6B5. Particular attention
should be given to the potential hazard areas of high voltage and X-ray radiation. A
Preliminary Hazard Analysis (PHA) may be directed by the Air Force for significant

items identified in the PHL.
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A. SINGLE MODULE

The multichip SCR switch modules are suitable for operation in artificial line type
modulator circuits, such as is illustrated in Figure B-1. Suitable pulse widths may
vary from a few microseconds to dozens of microseconds, with a pulse current rate
of rise not-to-exceed 6 (109) amperes per second. Peak pulse current should not
exceed 6,000 amperes. RMS current, with liquid cooling, should not exceed 350
amperes. Peak charging voltage (peak switch voltage) should not exceed 1,000 volts

for a single module.

The circuit parameters should be chosen to provide a 10% to 157 inverse voltage on
the PFN following the pulse. The charging switch shown, while not absolutely neces-
sary in all cases, is suggested as an aid to switch recovery, especially if a matched
end of line clipper is used. Fault circuitry should be included to electronically inter-

rupt pulsing if the load arcs.

Physical arrangement is very important in order to obtain equal current division among
the ten paralleled chips. Minimal length, equal length, and symmetrical connections
should be made to each of the five main terminals on each side of the switch. Figure
6-5 shows the circuit side of the multichip SCR module. The anode side of each chip
may be identified as the short bus with fuse attached (next to ruler in Figure 6-5).

The cathode side has a longer bus strip without a fuse. Note that Figure 6-5 shows

the regular, or ''right hand", pattern. Half of the delivered modules have a reversed,

or "left hand', pattern.

Two trigger toroids are shown in Figure 6-5; one to trigger each of the two pilot SCR's
(i.e., SCR 1 and SCR 12 of Figure 4-2). These trigger toroids are current trans-
formers with 50 turn secondaries and a one turn primary. The primary turn should
be a minimum sized loop of wire with high voltage insulation. A short pulse (3 to 5
useconds) of current, 50 to 100 amperes peak, with <1/2 second rise time, is
applied to the primary turn to initiate conduction in the SCR module. Polarities should

be chosen so as to apply a positive going pulse to the pilot SCR gate electrode.
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A convenient method of triggering a single module is to couple a third trigger toroid
to the high voltage primary trigger wire, and to apply a 50 volt (minimum) 50 ohm
(maximum) pulse to the terminals of this auxiliary toroid. Check polarities with a

scope before applying anode voltage to the module.

B. TEN kV SERIES SWITCH

Ten modules, five each "right hand' and '"left hand' are connected in series and in-
stalled in an air cooled plenum as shown in Figure 6-7. In Figure 6-7, the anode

terminals are on the left, and the cathode terminals are on the right. The primary
trigger wire protrudes from the plenum on the cathode side. The air cooled series

switch of Figure 6-7 was to be rated as follows:

e Peak Voltage 10 kv
e  Peak Current 3 kA
e Current Rise Time 1 usec
e Pulse Width 10 usec
e Duty Cycle 0.001

Voltage division problems among the 10 series modules (20 series circuits) has caused
some difficulty with achieving the full 10 kV voltage rating. It is suggested that an

absolute maximum peak voltage rating of 8 kV be used in applying the series switch.

The 3 kA peak current rating (at 0.001 Du; 95 amperes RMS) is considered to be con-
servative; in single module tests, the peak current was taken as high as 6 kA peak at

0.002 Du, or 268 amperes RMS (see Section 7.1 of this report).

Otherwise, normal precautions associated with artificial line type modulators, as

‘discussed in (a) above, apply.

A recommended trigger circuit is shown in Figure B-2. The relatively high voltage
(350 volts) is specified to minimize rise time problems associated with circuit induct-
ance, The triggering circuit should be energized, and pilot SCR gate trigger polarity
observed (on a convenient pilot SCR) with an oscilloscope before applying anode volt-
age to the switch. If the gate polarity is negative, reverse the connections to the

primary trigger loop.
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APPENDIX C

MULTIPLE CHIP SCR

DATA ITEM DI-H-3278

PRELIMINARY HAZARD LIST




DATA ITEM DI-H-32738

PRELIMINARY HAZARD LIST

FOR

MULTIPLE CHIP SCR

The hazards associated with electronic equipment operation may be divided into two
broad categories:

(1) Hazards to operating personnel.

(2) Hazards to the equipment.

The multiple chip SCR switch is essentially a high voltage component for use in high
voltage, high power pulsed equipment. As such, the hazards of high voltage and X-ray

radiation require particular attention.

The high voltage hazard will be minimized by proper application of interlocks in the
equipment enclosure which contains the multiple chip SCR. Capacitor bleeder re-
sistors and/or shorting switches will be incorporated in the equipment to remove

hazardous voltages when the equipment is opened.

A careful analysis shows that X-rays will not be emitted by the multiple chip SCR.

This is so for two reasons:

(1) The voltage across any one element is 600 volts maximum, below the level
required for generation of X-rays.

(2) In the semiconductor devices, electrons are not accelerated through a
vacuum to high velocities, to then impinge on a metal target, as is the
case in high power vacuum tubes which generate X-rays. Thus, the

basic mechanism for X-ray generation is absent.

The following checklist of additional potential hazards is taken from design note 6B5

of AFSC DH 1-X, "Checklist of General Design Criteria'.

The design of the multiple chip SCR will comply with all applicable items as shown
by the attached check list.
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SPECIFICATION DLP-040776-A

SCR CHIP FOR PULSE APPLICATION

1.0 SCOPE
This specification describes a silicon rectifier chip to be used in hybrid circuitry
in parallel/series configurations. The chip performance must equal or exceed that

of the packaged 2N3873 SCR device.

2.0 APPLICABLE DOCUMENTS
Design and manufacture shall be to best commercial practice, using applicable NEMA

or ASA standards.
3.0 REQUIREMENTS
3.1 Operating forward and reverse off state voltage: 600 volts minimum.

3.2 Repetitive Peak Pulse Current (20 Microsecond pulse): 600 Amperes Peak.
3.3 RMS Current Rating: 40 Amperes minimum,

3.4 Typical Pulse Current Rise Time, 10% to 90%: 1 Microsecond.

3.5 Rate of Rise of Off State Voltage: 200 Volts/Microsecond, minimum.
3.6 Recovery Time (Turn Off Time): 40 Microseconds Maximum.

3.7 Operating Junction Temperature: 125°C Maximum.

3.8 Construction:

3.8.1 Glass Passivation required.

3.8.2 0.20 inch square chip.

3.8.3 Center Fired Gate.

3.8.4 "Shorted Gate' Design.

3.8.5 Solder Coated Electrodes (95/5 Solder).

4,0 HANDLING AND SHIPPING REQUIREMENTS: To be specified by Vendor.
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SPECIFICATION DLP 041576A

HYBRID CIRCUIT SUBSTRATE
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1.0

2.0

3.0

4.0

5.0

6.0

SPECIFICATION DLP 041576A

HYBRID CIRCUIT SUBSTRATE

Size and Dimensional tolerances to be in accordance with the attached sketch,
DLP 041576A.

Both sides of the substrate shall be suitable for metalizing. Surface finish, as
fired, to be 15 micro inches minimum, 25 micro inches maximum.

Maximum camber to be 0.006 inches per inch.
Edge Chips: Less than 0.040 inches in at any edge.

Thickness: 0.10 inches +0.01 inches is specified; however, if a greater thick-
ness is more c¢conomical, the greater thickness may be accepted.

Material:
Part 1:  Beryllia, with 99.5% minimum B,0 content.

Part 2: Alumina, with 99.5% minimum aluminum oxide content.
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APPENDIX F

MODULE LAYOUT DRAWINGS




APPENDIX F

MODULE LAYOUT DRAWINGS

HS 12577-1 (17 sheets)

SCR Chip Switch Assembly

Sheet No. Description

T Overall layout

2 Metallization, resistors, and insulation layers.
3 Metallization (right half).
4 Metallization (left half).
5 Gate resistors.

6 Bleeder resistors

7 Insulation

8 Solder pattern.

9 Substrate drawing.
10 Anode pad.

11 Cathode leads.
12 Pilot SCR cathode lead.
13 Terminal pads.

14 Gate lead.
15 Inner bus pad.
16 SCR chip.

17 Channel (cooling fin).
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