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Summary 

Ferrite tuning circuits of the RF system 
for the 200-GeV machine require specialized 
components, because of the requirements for high 
current and for reliability under pulsing conditions. 
The present status of the LRL program to provide 
high-current supplies for ferrite biasing is de- 
scribed here. 

I. Introduction 

torip 
The RF systems of the ZOO-BeV accelera-. 

will be tuned through the range of 29 to 52 
MHz a% protons are accelerated from an injection 
energy of 200 MeV to a final energy of 200 GeV. 
Tuning will be accomplished by loading the RF 
systems with ferrite, and electronically control- 
ling the permeability with high-current dc biasing 
supplies. Currents in the range of 0.5 to 50 kA 
are to be provided by the various (main synchro- 
tron and injector synchrotron) ferrite-saturating 
supplies. 

In view of these requirements (including 
especially the ability to cycle many times without 
premature failure), we have tested an evaluated 
various commercial diodes which are individually 
rated for 500 A and 1 kA (for the high current 
units) and 20 A (lower current units). 

The above -mentioned needs, together with 
the results of our testing program, led to the 
development of 2-kA rectifier diodes. Their first 
use will be in a 24 kA, 5-volt dc supply currently 
under construction at LRL, Berkeley. This 
supply will be used in a ferrite-testing program 
and as a design prototype for ferrite-saturating 
supplies for the ZOO-GeV accelerator. Later de - 
sign work may suggest a somewhat different dc 
current requirement, but would embody the con- 
cepts of the 2-kA diodes. 

II. Requirements of Rectifiers 
for Ferrite Biasing Supplies 

Components used in a high-energy particle 
accelerator such as the ZOO-GeV machine will be 
carefully chosen to ensure that they will provide 
satisfactory service within a demanding environ- 
ment where stray electrical interference is 
present and unscheduled shutdowns will be costly. 
Reliability, economy, and long life are the essen- 
tial characteristics required of rectifiers to be 
used in the ferrite-biasing supplies. In one year 
of operation, the main synchrotronwill be cycled 
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7 approximately 10 times and the injection syn- 
chrotron nearly iO* times. 

A primary requirement of the rectifiers, in 
addition to suitable ratings, is that they respond 
well to our cycling or pulsing applications. The 
thermal, mechanical, and electrical stresses 
generated by cyclic operation are generallymore 
damaging than those encountered in continuous 
operation. Later we will discuss how various 
diodes responded to cyclic operation. 

It is instructive to list a few critical re- 
quirements of the rectifiers. The p-n junction 
area should have highly uniform characteristics 
so that the current density is uniform and hot 
spots do not develop. Low junction voltage drop 
and ohmic resistance (both bulk and contact) are 
necessary for cool operation and high forward- 
surge -handling capacity. Joints and contacts 
must withstand the cyclic stresses associated 
with differential coefficients of expansion, and 
the ratings of the device must be based realisti- 
cally on the limitations of the package. 

Low forward-voltage -drop rectifiers are 
desirable so that conversion efficiency is high 
and cooling requirements are low. An ability to 
handle forward and reverse surges is also re- 
quired. Although line filtering will be employed, 
the rectifiers must be able to tolerate moderate 
line transients without becoming damaged or 
causing other parts of the system to fail. 

III. Testing Program 

In view of our requirements of reliability 
under cyclic operation and a general lack of data 
on the performance of high current rectifiers 
under such conditions, we initiated the diode- 
testing program described in the next few para- 
graphs. We know that gradual deterioration is to 
be expected in our application (even though ideal- 
ly the diodes would last indefinitely). Since we 
have every reason to believe that the diodes will 
eventually fail, the problem is not whether they 
will fall, but how soon and in which ways. 

We want to elucidate the mode of failure, 
or tendency toward failure, under expected con- 
ditions-of service. The region of failure may be 
either in the bulk junction, over the silicon sur- 
face, or in the connecting joints of the package-- 
diodes may fail for reasons such as thermal 
fatigue,fracture of some bond, surface contam- 
ination, puncture under electric field, or melting. 
Our testing program adopted involves measuring 
the following characteristics of the diodes. 
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A. Capacitance vs inverse voltage (varactor 
characteristics), 

B. Forward voltage drop vs dc forward current, 

C. Inverse current vs inverse dc voltage. 

After these characteristics are carefully 
measured and recorded (as discussed a few para- 
graphs below), we are in a position to subject the 
diode to electrical and mechanical stresses and to 
detect (by later repeating the measurements) small 
changes in the characteristics. Knowing the 
changes, we can adopt ratings giving suitable oper- 
ating life under our conditions. 

We tested a range of rectifiers, somehaving 
a rating as small as 20 A, through those having a 
rating of 2000 A. Varactor characteristics of 
small rectifiers (C< 300 pF at zero volts bias) 
were measured with a Tektronix LC meter (type 
130), modified so that capacitance could be read 
out on a frequency counter. High-capacitance 
diodes were measured with an impedance bridge 
(General Radio Type 1608-A) an an external dc 
bias supply. A high-input impedance digital volt - 
meter is used to measured inverse voltage. EX- 
petted errors of less than 2% allowedus to detect 
small changes in junction geometry. 

The voltage-current characteristics of the 
diodes, both forward and reverse, were measured 
with digital meters and a semiautomatic type-out 
system. With the present measurement system, a 
change in forward voltage of a few millivolts is ob- 
vious, and in this way incipient failures in joints 
can be readily detected. 

Inverse leakage current was measured for 
inverse voltages ranging from a few millivolts to 
the peak-inverse rating of the rectifier. The V-I 
characteristics at low inverse voltage are con- 
tinuous with the forward characteristics, and for 
voltages less than a few millivolts, the diode has 
the characteristics of a resistor, the properties 
of which are equivalent to a parallel combination 
of the bulk junction and the surface leakage paths. 
The essential point here is that at very low voltage, 
the combination behaves as a linear resistor. 

The data obtained from the semiautomatic 
type-out system was digested by a computer pro- 
gram DIODE. We developed DIODE to do the 
handling, calculating, and plotting of the three dif- 
ferent types of data corresponding to the varactor, 
forward, or inverse characteristics described 
above. 

Scaling of the plot coordinate systems was 
automatically handled by DIODE, to accommodate 
diode -characteristic data that range over many 
orders of magnitude. For example, see Fig. 1 
where the maximum inverse current is approx- 
imately 600 nA, and Fig. 2 where the maximum 
inverse current is approximately 4 mA. The auto- 
rnatic scaling may be suppressed in order to am- 
plify a small portion of a diode characteristic plot. 
For example, millivolt changes in a diode forward 
characteristic curve may be displayed by expanding 

the forward voltage scale. See Figs. 3 and 4. 

IV. Cycling Procedure 

Diode specimens tested were of the types 
listed in Table I; all were silicon devices. The 
samples, for which test data is present, have been 
assigned letter designations as indicated in the 
left-hand column of Table I. The Motorola single- 
cell rectifiers (an example of which is designated 
diode C) are the same type as those4used to build 
up the multicell rectifiers E and F. The same 
semiconductor pellet was used to make rectifiers 
with average forward current ratings whose values, 
varying from 1.5 to 35 A, depend on the package 
used. 

Table I. Rectifier diodes tested. 

Lurrent 
Diode Type rating Number tested 

,4 and B Delco lN1192A 22 A 8 
(single cell) 

c Motorola 22 A 18 
(single cell) 

D General Electric 500 A 2 
A296B 
(single cell) 

E Motorola MRl290 1kA 4 
(multiple cell) 

F Motorola SR1691 2 kA 14 
(multiple cell) 

The small rectifiers were cyclically stressed 
by connecting in series the diodes being tested. 
The forward current through the series of diodes 
was turned on for five seconds and then off for 
five seconds. The forward current during the on 
period was held at a constant value, which de - 
pended on the particular diode string under test. 
The value of the forward on current was set at 
specific values in the range from 22 to 90 A. See 
Figs. 5 and 6. During the off period, the forward 
current was less than 0.1 A. 

For the high-current rectifiers, the cycling 
procedure was as follows: A pair of diodes to be 
tested was connected in a 60-Hz full-wave recti- 
fier configuration, then operated on for one second 
and off for one second. During the on period, the 
average dc current delivered by the pair of recti- 
fiers was 2 kh for the 1000-A rectifiers and 800 A 
for the 500-A rectifiers. During the off period, 
the currents were approximately 5% of the above 
values. 

In addition to the cyclic stressing described 
above, selected rectifiers were tested for forward 
and reverse surge handling capacity. Again, 
careful measurements before and after testing al- 
lowed us to detect early stages of degradation. 
The type E diodes displayed excellent stability in 
their forward characteristics (see Fig. 4), al- 
though inverse leakage current increased signifi- 
cantly with age (see Fig. 2). The type D recti- 
fiers behaved just the opposite: the inverse V-I 
characteristics were very stable but the forward 
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voltage drop progressively increased with time 
(refer to Figs. 1 and 3). In all cases, the varac- 
tor characteristics did not change within the small 
limits of experimental error. This fact is signi- 
ficant because it shows the p-n junction itself did 
not degrade. 

V. Development of 2-kA Diodes 

On the basis of the above results, we decided 
to concentrate on developing multi-cell rectifiers 
for the ferrite bias supplies. The flat pack con- 
struction permits low circuit inductance and faci- 
litates maintenance--it is easy to replace a single 
2 - kA diode. Because our application involves low 
voltage, the inverse leakage currents are less im- 
portant than stable forward characteristics. 
Future use of a few large-area rectifiers in paral- 
lel is not ruled out, but they will have to compare 
favorably with available multi-cell units. 

To build one 24 kA, 5-V supply using a 12- 
phase system required twelve 2-kA rectifiers. 
The manufacturer agreed to make 14 units to LRL 
specifications. As well as having a higher current 
rating than the MR1290, the diodes incorporated a 
number of design improvements. The differences 
between the MR1290 type devices and the LRL 
2-kA rectifier (SR 1691) are tabulated in Table II. 
Both types have measured forward drops of 955 
mV (* 10 mV) at twice rated forward current. See 
Fig. 7 for a typical forward characteristic curve 
for a 2-kA diode and Figs. 8 and 9 for photographs. 

Measurements on individual single cells of 
the type used to build the 2-kA rectifiers showed 
them to be very vulnerable to inverse voltage 
surges. A few microjoules of inverse energy can 

Table II. Comparisonof rectifier characteristics. 
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MRi290 
series 

SR 1691 

Rated average forward 1000 2000 
current (A) 

Rated peak repetitive 50 to 400 100 
reverse voltage (V) 

Number of parallel cells 45 100 
Spacer material Nylon Ceramo- 

plastica 
Spacer bolt material Nylon Steel 
Width of bus bars (in. ) 4 6 
Number of bolt holes 2 5 

per terminal 
Shape of water cooling 

tubing S Spiral 
Plate -to -tubing contact 15 50 

length (in. ) 
Weight (lb.) 4.25 9.5 
Overall dimensions (in. ) 8X4X1-3/4 10x6X1-3/4 
LRL assembly drawing 9W2914 

number 

aSupramica 500, Mycalex Corp. of America 

cause permanent damage to such cells, whereas 
cells of the same size but containing avalanche- 
protected junctions should be able to handle milli- 

second pulses of several joules. Because the 
present rectifier technology cannot achieve this in 
the cells used, inverse transient protection is ob- 
tained by connecting a Z-by-2 in. selenium surge 
protectfr (Klip-Sel) in parallel with each diode 
array. The Klip-Sels are able to pass repeated 
200-A inverse surge currents while limiting the 
inverse voltage to less than 100 volts, without be- 
coming damaged. The selenium cells are mounted 
against the anode plate of the rectifier, the cathode 
connection being made by a 0.003-inch thick tin 
strap (refer to exploded view of the cell andmount- 
ing hardware, Fig. 9). 

VI. Future Work 

The testing program described in Sec. III 
and IV is being continued; the diodes under test 
have so far undergone 14 million test cycles. 

We are continuing to survey the field for 
diode most suited to our needs, since it is clear 
that p-n junction device technology is advancing. 

At present, low-reactance transformers are 
being constructed for the previously mentioned 
24-kA supply. The transformers are designed 
with integral high-current terminals for direct 
diode mounting. We plan to report on the supply 
performance with its associated high-current feed- 
back control system at a later time. 
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U.C.L.R.L. BERKELEY RCCELERRTUR STUDY R.F. SYSTE;S 
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q = 
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., 
v 
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2.93 N CYCLES 4000 aT 0.5HZ T = 16.5”C 
. 

7.26 pi CYCLES 400R RT 0.5HZ T = 16.3”C 
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Fig. 1. Inverse characteristics of diode D, single cell, 500-A rating. 

U.C.L.R.L. BERKELEY RCCEiERRTClR STUDY R.F. SYSTEflS 
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= 12.52 n CYCLES 1 KR RT 0.5HZ T = 14.11°C 

0 40 80 120 160 200 

INUERSE UOLTnGE (UIILTSI 

Fig. 2. Inverse characteristics of diode E, multiple cell, 1-kA rating. 

PAC 1967



324 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, JUNE 1967 

U.C.L.R.L. BERKELEY RCCELERRTUR STUDY R.F. SYSTErlS 
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Fig. 3. Forward characteristics of diode D, single cell, 500-A rating. 
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= 4.48 t-l CYCLES 1 KR RT 0.5HZ T = 16.5”C 

\ = 12.52 M CYCLES 1 KR RT 0.5HZ T = 12.O”C 

2530 

0 
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FORWRRD UOLTAGE IUOLTSI 

Fig. 4. Forward characteristics of diode E, multiple cell, l-kA rating. 
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U.L.L.R.L. BE’;KELEY RCCELERRTOR STUDY R.F. SYSTEMS 
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Fig. 5. Forward characteristics of diode B, single cell, 22-A rating. 

U.C.L.F.L. dERKELEY RCCELEKRT[lR SrUDY R.F. SYSlEflS 

CUG. 30?1965 SINGLE CELL 22 R DIODE 2 

Fig. 6. Forward characteristics of diode C, single cell, 22-A rating. 
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U.C.L.R.L. BERKELEY OCCELERRTOR STUDY R. F. SYSTEtlS 

FORWRRO CHRRRCTERISTICS OCT. 2191966 

tlULTIPLE CELL 2 KR DIODE F 0. CYCLES 

QIR TEllP. 25.0°C WRTER IN RT 13.0°C WRTER OUT RT 13.0°C 
-̂- 

000 I I I I 1 1 

0. oi_. 20 40 60 80 1 .oo 1.20 

FORWRRO UOLTRGE (UOLTSI 

Fig. ‘7. Forward characteristics of diode F, multiple cell, 244 rating. 

Fig. 8. SR 1691, 2-kA rectifier. 
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Fig. 9. Exploded view of surge protector mounting 
hardware and the SR 1691 rectifier. 
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