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ABSTRACT

This report describes some of the basic considerations in the design
of the protective interlocking of the dc power system for auxiliary magnets -
used at the Bevatron. The required current-regulation tolerances are given
along with a discussion of the various problems associated with certain

special applications of the magnets.
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Introduction

This report describes some of the basic considerations incorporated
in the protective circuits employed in the distribution and regulation of dc
power supplied to the auxiliary magnets used for high-energy-particle research
on the Bevatron. The Bevatron is a 6.3-Bev synchrotron-proton accelerator
located at the University of California ILLawrence Radiation Laboratory.

Power Requirements

The auxiliary magnets required for analyzing and focusing high-
energy charged particles are many and varied. Table I lists the magnets
and the installed dc power sources used to energize them. The required
dc power ranges from 11 kw per section of the 4-in. quadrupole focusing
magnet to a maximum of 3,000 kw for the 72-in. Bubble Chamber. The re-
quired current regulation for analyzing magnets is 0.1%; for focusing mag-
netic lenses, 0.5%.

It requires 8,450 kw to energize all the dc magnets to full power
simultaneously. At present 7,930 kw of auxiliary dc power is available.
Simultaneous experiments are programmed to take advantage of the multi-
plexing provided in the control of the beam and targets of the Bevatron. To
make a change-over to a new run in a minimum of time, it is required that
the dc distribution be flexible enough to change a power source rapidly from
one load to another.

The primary ac voltage used to feed the different power supplies
varies according to the wattage required. The following 60-cps voltages
are used currently: -

240 volts, 3-phase for less than 20 kw
480 volts, 3-phase from 20 to 400 kw
2400 volts, 3-phase from 360 to 1400 kw

12000 volts, 3-phase above 1500 kw



Table Ia

Bevatron auxiliary magnets

Type dc Power rating - Reference Number of
(amp) (volts) prints magnets
4 in. Quadrupole ' 575 69 Mech. 6M8566
406 76 : ‘ 7
575 69 Elec. 6Y4064
8 in. Quadrupole 1250 79 6Y6535
1250 127 7G4155 4
1250 79 7G4226
8 in. Quadrupole 1000 44 7G9044 5
low-power 1000 44
"C'" 13X24 in. 1000 180 6Y9164
L0O40333 2
9A2713
Analyzer 12 X60 in. 2000 220 6Y1734 2
6M8175
"C'" 9X12 in. 194 114 7Y1553 2
"H'" 18 X36 in. 2000 158 6Y9614 2
1040323
"H' 18X36 in. low power 1000 165 7Y4354 3
1041504
Coaxial spectrometer 4000 6 2
Plane spectrometer 200 24 2
30 in. Propane bubble chamber 1100 370 1
15 in. H, bubble chamber 2000 108 1
Cloud chamher 2000 108 1
72 in. Bubble chamber 4700 521 1

-b—
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Table Ib

Bevatron auxiliary magnets dc power sources

Type and Available dc power Percent . Notes and
designation of reierence
source (volts) {amp) (kw) regulation prints

Motor Generators

30(pK) 2,600 Main magnet power

#1 8,000 8,330
#2 8,000 8,330(pK) " 2,600 supply 6Y6745
#3 180 2,000 360, 0.1% Motor 4Y4325

Gen. 4Y4334

Cont., 6Y7325

#4 180 2,000 340 0.1 Motor 3R7?175
Gen., 6Y8585

Cont. 6Y7945

#5 180 2,000 360 0.1 Motor 4R1025
Gen. 6Y7955

Cont. 6Y7585

#6 415 2,705 1,120 0.1 Motor 4R3255
Gen. 6Y7265

Cont, 6Y7275

#TA 180 1,225 220 0.1 Gen, 6YO9715
) Cont. 6Y9735

Motor 4R4445

Gen. 6Y9725

#7B 150 1,600 240 0.1 Cont. 6Y9745
#8 300 5,000 1,500 ’ 0.1 Motor 4R5455
' Gen. 6Y9815

Cont. 6Y9825

#9 300 5,000 1,500 0.1 Motor 4R5775
Gen. 679915

Cont. 6Y9%225

#10 137 300 41 0.1 3R8454
#11A 250 1,000 . 250 ' 0.1
#11B 250 1,200 300 0.1
#12A 250 1,000 250 Motor 4R6655
#12B 250 1,000 250 Typgen 7Y4115
Rectifiers
Perkins #l1 70 400 28 0.5 Schem (Y7244
Cont. 6Y6H0L5
#2 70 ) 400 28 0.5 Cont. 6YhK025%
#3 ‘ 70 400 28 0.5 Cont. 6Y6035
#4 70 400 28 0.5 Cont. 6Y56045
#5 70 400 28 0.5 Cont, 6Y6055
#6 70 400 28 0.5 Cont. 6Y6065
#7 100/200 2,000/1,000 200 0.5 7Y2925
#8 100/200 2,000/1,000 200 0.5 7Y2925
#9 100/200 2,000/1,000 200 0.5 7Y2925
#10 100/200 2,000/1,000 200 0.5 7Y2925
Lee #1A 50 200 12 none ‘ 3723634
#1B 60 200 12 none 323634
#2A 60 200 12 none 3723634
#2B ) 60 200 12 none 373634
#3 24 1,000 24 none 3723894
Lee 6V #1 6 300 1.8 0.5 576013
#2 6 300 1.8 0.5 576013
GE6V #1 6 300 1.8 none ) 575003
Lee 96 kw 12 8,000 96 0.5 6Y7303
20 kw 125 160 20 0.1 3R4542

20 kw 125 160 20 0.1 3R4542
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Terminal Cans

Figure 1 shows a typical experimental setup, laid out on the available
Bevatron experimental area. For our particular purpose we have found that
at least three terminations for each power source are desirable. These
permanent terminations should be so located that the various parts of the
experimental area may be served with portable cables less than 50 feet long.

The original dc terminal cans (see Fig. 2) required that all the cables
be disconnected from one terminal can in order to connect a new load to a
different termination of the same generator. In a new approach, secondary
terminals are used in the terminal can (see Figs. 3 and 4) for the portable
cables, and a.set of easily removed links connects to the main terminals.
This allows a faster change-over from one load to another, and makes the
change-over more foolproof. '

Electrical interlocks on the positions of the links are used in the
generator interlock chain so that the generator may be energized only when
one set of links for a given dc power source is in place. The secondary
terminals of the other boxes may be worked on at any time.

The terminal boxes also contain other bits of information such as:
Interlock lights for the terminal-can interlocks.
A warning light to indicate when the motor of the MG set is turned on.

Meters to show the generator output voltage and current.

An emergency ""off" button for the motor power.

[ L O O N

Keyed interlocks that prevent opening of the terminal can unless the
generator field power and the motor power have been turned off.

6. A plug in the terminal can for connecting to that can the appropriate
interlocks for cooling protection of the magnet.

7. Additional plugs are provided inside the terminal can so that it is
possible to control the generator regulation from the distribution
can instead of from the main control center.

Portable Cables

The temporary cables used are extra-flexible (5320 strands of
34 AWG rope-laid) 4/0 cable with 600-volt insulation. The cables are used
in parallel for currents greater than 300 amperes.

Rolled-on lugs (Anthony Insulock, Type 4/0 F) gave us considerable
trouble until we soldered the ends of the small wires into the lug. We be-
lieve, also, that these small wires should be soldered to any other type of
clamping - device used to attach the lug to the cable.

Cables bundled together can be identified by the serial number
stamped near each end.
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J
8" Quadrupole
magnet

/

12"x 16" Analyzer magnet

8" Quadrupole magnet

Bevatron 18"x 36" magnet

Bevatron 18"x 36" H magnet

30" PROPANE BUBBLE CHAMBER

MU —17355

Fig. 1. Part of Bevatron research area. Typical experimental
setup. Note that some of these portable cables are more
than the recommended length of 50 ft; this condition will be
corrected with the addition of new terminal cans. There
would normally be two or more setups on the floor at one
time. Each setup may be more or less complicated than

the one shown.
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ZN-2126

Fig. 2. An older style of dc terminal can; 200 v, 2,000 amp.
Leads from the generator on top; portable leads to a magn
at the bottom. (Note serial number just visible on one
cable. )
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ZN-2125

Fig. 3. New-style terminal can with links and portable cables.
(Note the link door, interlocked to indicate that the links
are in place.) To complete the interlock the small door in
front of the plugs must be opened and the magnet interlocks

plugged in.
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Short-Circuit and Grounding Protection

The dc output from rectifiers or generators goes directly to the
various dc terminal cans; no intervening dc circuit breakers are installed in
these lines. We felt that the additional equipment required to protect the
inductive loads, if we used dc contactors in series with them, was too costly
considering the remoteness of the possibility of a terminal-to-terminal short
circuit.

In the event of a minor short circuit, the current regulator used on
all the generators tends to keep the current within rating of the machine. If
the short is terminal-to-terminal, however, the response time of the reg-
ulator plus the field of the generator is not fast enough to prevent high currents
which may result in such damage as commutator flash-over. The overload
relays normally should operate within 100 milliseconds and turn off the field
of the generator as well as the motor.

To protect the generator and magnet from arc damage resulting from
accidental grounding of one of the conductors, the whole dc power circuit is
tied to ground at a single point through a 20-ohm resistor. This resistance
limits the ground current to reasonable values. Protective relays are in-
stalled in the 20-ohm circuit to detect ground current and trip off the motor
power and generator field power. This resistance is low enough to prevent
stray voltages from disturbing the current regulator.

Special Slow Current Decay

For certain types of loads, such as the bubble chamber, it is desirable
to provide protective circuits that will not allow the magnet current to change
more rapidly than, say, 1,000 amp per second. This rate of change applies
to either direction because eddy-current forces in the cold sections of the
chamber may result in mechanical damage, or in heating that causes boiling
of liquid hydrogen in the chamber.

A voltage-feedback circuit may be incorporated in the regulator to
prevent a fast voltage change. A coil can be mounted in the magnetic field
of the magnet to be protected; a voltage induced in the coil will indicate a
fast change of field, and this signal may be used to actuate the protective
circuits.

A diode is connected across the field of the generator to prevent the
field current from decaying too rapidly if, for any reason, the field is
turned off or the regulator fails.

Relays with normally closed contacts are connected across the field
of the generator to give further protection if the above-mentioned diodes
fail or if the circuit power is turned off. These special circuits extend the
time for a short-circuit current to decay, but are deemed necessary to
protect some loads. g
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Operational Control

We have found it desirable to concentrate all the generator controls
in the main control room (Fig. 5) so that the accelerator operators are con-
tinuously aware of the use of water and power around the accelerator. Be-
fore the controls were in the main control rooms, it occasionally happened
that several hours of Bevatron operation were lost because the stray field
of one of the auxiliary magnets affected the injection orbits of the accelerator
when no one realized that this auxiliary magnet was energized.

The interlock-chain indicator lights for each of the generators or
rectifiers are located adjacent to the controls in the main control room.
Figures 6 and 7 show the motor-generator control system. The main con-
trol-room panel has provisions for selecting and indicating the dc terminal
can in use on the machine.

A key interlock located on the panel completes the interlock chain
which permits the motor to be started. The motor can be started only at
the MG set. The generator field power and the current regulator are con-
trolled from the main control room. Provision is being included in the
generator controls so that when a load change is desired, a special circuit
is energized that uses the load to dynamic-brake the MG sets to a~stop.more
rapidly. This permits earlier removal of the cables or links at a terminal
can without breaking some small current flowing because the generator is
still turning. Without dynamic braking the MG set would roll for 15 to 20
minutes.

It may be possible to reverse the direction of rotation of the generator
during dynamic braking. This reversal can occur for only moderate ratios
of total stored electrical energy to mechanical energy of the magnet-generator
combination. Rotation reversal should be avoided because it causes uneven
brush wear. (Garren and He%krotte describe the conditions under which
rotation reversal will occur. )

Polarity Reversing

During a physics experiment it usually becomes necessary to reverse
the polarity of the auxiliary magnet. Sometimes this has occurred several
times a day. Removing and reconnecting several 4/0 cables at a terminal
can is time-consuming, and can lead to confusion and error when repeated.
The installation of polarity-reversing knife switches in the field circuit of
the generators, associated relays to reverse the input to the regulator, and
some metering, has resulted in a relatively foolproof system that takes a
minimum of time.

Where rectifiers are used, the reversing problem is more difficult
because it is necessary to reverse the high-current leads between the
rectifier and the load. This may be done with large knife switches properly
interlocked (or by the confusing method of changing the leads at the terminal
cans).
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Fig. 5. Control center for auxiliary m. g. sets and rectifiers.



3-PHASE

o 5 | o— 5D MOTOR
PRIMARY | |
POWER | METERING '
AAAY | AND
Fpe (A Y AR | OVERLOADS }
| I
| S U W |
( J |
~ | l
I ]
GROUND-SWITCH l
MOTOR | FLYWHEEL
PROTECTION A\
¢ INTERLOCK GYERLOARS | |IF REQUIRED
il b MOTOR INTERLOCKS GROUND-CURRENT l :
| - e
OIL PUMP IF REQUIRED { GROUNDCU PRI § | '
oIL - J | |
WATER S | / MOTOR | |
SHUNT COOLING \DC OVERCURRENT y l_ OFF | |
BEARING TEMP. / i b A q
/ |
MAGNET INTERLOCKS ! 0.7-SEC F 1 |
"""‘ o\ COMPLETE _—-—""¢| TIME-DELAY VARIOUS
o DROPOUT  / TIMING
@ B 4 CIRCUITS
/
@revar con TIME-DELAY /
. DROPOUT ALLOWS ‘
\\ NORMALLY CLOSED MINOR FLUCTUATIONS ;7
° WATER INTERLOCKS { e
REV - — — @ 1S
\ NORMALLY OPEN @' L A
MUB-278
Fig. 6. Typical m. g. set. Motor control circuit. (See Fig. 7

for control of Re9.)

-f[—

9198-TYDN



FILAMENTS

0.5-SEC TIME-
DELAY DROPOUT

POWER [5%5 50 [ FIELD- ? I
240V~ o = 3 AMPLIFIER | | REVERSING| [FrivritE 7 RE6 GEN
1 b x >
I$or3¢ I N i3 B CONTROLS 7 -’
) 120V \RES) POWERSTAT
I 5-10A ~—7 USEDTOSET (o.L. A e
OUTP
e _MPOUTPOY REFERENCE VOLTS v—®—<
VOLTAGE =
RECTIFIER &
100V DC REGULATOR .
i
.
________ . J&, | ‘ osov |
e et | REFERENCE L, %200HMs H
L | CONTROL IN I
| MAIN CONTROL . NORM CLOSED
! I ROOM N ———--\ KNIFE swiTcH
: TERMINAL CAN # | ] | THE DC CIRCUITS
| | -6 3
. INTERLOCKS | INTERLOCKS | o :
TERMINAL CAN #: 2 ! IN THE GROUND,
: MOTOR CHAIN CURRENT
THIS INTERLOCK | PROTECTION | 50-MV
CAN BE CLOSED | 1= SHUNT 4
FOR ONLY ONE CAN | &=L £
ATATIME, SET UP brepeen oo
IN M.C.R. 1 OVER- | _ _ _ | PgLéRITY
e : CURRENT REVERSING
INTERLOCKS | e Ecoaue | ' ® ° TERMINAL
THIS INTERLOCK | TERMINALCAN  of AND PROTELTION L — -@ ) | JCAN# |
INTERLOCKS
IS OPEN WHEN & # 3
THE CABLE DOOR SENSITROL CONTACT
IS OPEN ONTHE | - METER FOR ADJUSTABLE —— .
CAN OVER CURRENT PROTECTION TERMINAL
MAIN CONTROL ROOM 8 UNDER CURRENT ALARM ._®___o o CAN # 2

MOTOR CHAIN [

PERMISSIVE

®

KEY INTERLOCK (KEY

GIVES ACCESS TO THE _ ~

TERMINAL CANS - 1

RE 4 P \f

MOTOR IS .~ “FIELD

RUNNING-~~ powgr OFFh-
- CONTROL g

> 4 9

Fig. 7.
also. )

Typical m. g. set.

.
@ FIELD SHORTING

OO ©

RATE OF CHANGE OF
TFL Llja)l(zg&%I:%CTION LINKS TERMINAL
SHUNT FOR i
! 4
‘ EXPERIMENTER $50MV | “/oCABLES
d;@ MONITORING
il [
37 colL
MAGNET
MuUB-27¢
Generator field control. (See Fig. 6

-g'[-

9198-TYDN



-16- UCRL-8616

Current Regulation

Current regulation required for auxiliary magnets used in physics
experiments is of two degrees:

+ 0.1% variation for analyzing or bending magnets
+ 0.5% variation for quadrupole magnetic lenses

0.1% Regulation

The 0.1% requirement applies to magnetic-field ripple variations,
as well as to the dc average value. This usually means that the dc power is
best obtained from MG sets. The MG set has very good voltage-ripple
characteristics, as well as a flywheel effect which isolates the dc output
from rapid line voltage fluctuations.

The current regulators used with the motor generator sets consist of
a chopper-synchronous-amplifier with a single-phase full-wave grid-controlled
thyratron power section to feed the field of the main generator directly, rather
than an exciter MG set or amplidyne.

Since the report on magnet regu.la.tors4 was written (November 1949)
many improvements have been made on the magnet regulator, culminating in
a better control system, designed by William S. Flood, that provides a way
to introduce voltage feedback into the final power section. (See W. S. Flood,
Regulation of the 3-Mw Power Supply for the 72-Inch Bubble Chamber Magnet,
Lawrence Radiation Laboratory, Elect. Engineer Note EE608, March 12,
1989).

Another system for a power amplifier does not use thyratrons but
employs a_hard-tube type of control in what we call a ""Quentin Kerns
circuit. ' ® This system gives a better (although more expensive) system of
control, which is capable of faster regulation than the thyratron unit. The
""Quentin Kerns circuit'" for magnet regulators will soon be reported on by
Ivan Lutz.

Magnetic amplifiers and transductors are also being considered as
ways of isolating static regulators from generator circuits.

Even if an exciter MG set is not used, and a fast-response regulator
supply feeds the field of the generator directly, there may still be two com-
parable time constants left; the generator field and the inductive load. These
present a stability problem in regulation that may require voltage feedback
for stable loop gains over 100. The voltage feedback is also a vital necessity
for protection against rapid current changes.

For 0.1% regulation, or better, on short-time constant pulsed loads,
the normally available eddy-current shielding obtained by the steel of the
magnet is not sufficient to permit the high-voltage ripple of a single-phase
60-cps thyratron-controlled rectifier to be used on the field of the generator.
In this situation a '""Quentin Kerns'' or other multiphase power actuator would
be required.



-17- UCRL-8616

0.5% Regulation

The 0.5% requirement normally allows control of power rectifiers
by magnetic amplifiers or saturable reactors. Sometimes the time constant
of the load and the lack of sufficient eddy-current filtering may require that
the rectifier be equipped with at least a narrow range of a fast-response
system such as the '""Quentin Kerns amplifier.'" This system will then ride
through a 2% or 3% line-voltage transient without exceeding the permitted
regulation limits.

The design of the magnet should include some degree of eddy-current
filtering if it is not intended for pulsed operation, because eddy-current
ripple filtering relieves the regulation problem.

Magnetic field Ripple

Measurements of magnetic field ripple have been made by L. G. Ratner
on the 8-in. quadrupoles 7G-4155, low-powered "H' Magnet LLO-41504, and
the C Magnet LLO-40333. 6,7,8 The magnets were powered with a saturable-
reactor-controlled 200-volt three-phase bridge rectifier and were operated
in a ""phased-back' condition to develop a large percentage of ripple voltage.
The bridge rectifier also performed as a ''free-wheeling' diode to prevent
the ripple voltage from reversing its sign on the magnet during the high-
ripple-voltage operation.

Magnetic measurements were made with an 8-foot-long, narrow
search coil to include the fringe field of these magnets.

The following chart shows the results for the most adverse set of
conditions: the rectifier was phased back to give a large ripple, and the
search coil was located near the magnet windings.

dc Voltage| % pk-to-pk|dc Current |%pk-pk cur-| % pk-pk mag-
voltage (amps) ent ripple netic field
ripple ripple
8-in Quad 80 238 312 1.9 0.5
H magnet 46 402 300 1.3 0.08
C magnet 90 214 520 1:9 0.11

These data show that in most cases it will be permissible to use either
saturable-reactor or magnetic-amplifier type of rectifier control for these
magnets.
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Parallel and Series Loads

In order to utilize fully the total power output of the MG sets it is
quite often necessary to combine loads in various parallel or series arrange-
ments. Because the currents to be used in the magnets are not always equal,
it was necessary to develop stable, adjustable resistors capable of handling
several kw of power,

Two types are in general use: a water-cooled adjustable unit, Figs.
8, 9, and 10 and an air-cooled resistor, Fig. 11.

Sometimes adjusting the currents through various loads when con-
nected in series or parallel can be quite time-consuming. We have found
that the initial adjustment can be made more rapidly if the power supply,
or motor generator set, is connected for voltage regulation instead of
current regulation. After this first adjustment is made, the power source
may be set for current regulation of the most critical magnet in the group.

Stray-Field Interference

When an auxiliary magnet is located in the fringing field of the
pulsed main accelerator magnet, some degree of coupling will modify the
field of the auxiliary magnet. This interference may be a direct influence
on the field, or the d¢/dt in the auxiliary magnet may put an impulse into
its current regulator of 1% to 2%, and cause additional variation. This
effect is quite noticeable at the Bevatron, but because it is repetitive from
pulse to pulse, and dies out before the next pulse, it can be included in the
calculations for the magnetic field channels. If this effect became a
problem, a fast-response system would be designed and installed in series
with the main current of the auxiliary magnet, with the regulator sensing
the magnetic field instead of current. Negative voltage feedback derived
from a coil sensing the field change would aid in stabilizing the system.

It may also be possible to design a magnetic shield to go between
the Bevatron magnet and the auxiliary magnet. This would then eliminate
coupling between these magnets.
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Fig. 9. Water cooled variable resistor.
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Water cooled variable resistor.

Fig. 10.
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Pulsed Magnet for Proton Extraction

The Piccioni arrangement of target and deflecting magnet9 is being
tested by Warren Chupp, Glen Lambertson, and Lloyd Smith for the purpose
of developing an external proton beam from the Bevatron. The deflecting
magnet now being used is limited to short current pulses (approximately
500 msec rise and fall time) because of limited cooling available in the
magnet design. This pulsing is now being accomplished with small relays
that change the reference voltage of the regulator. With this system it is
possible to pulse from some intermediate current to full current within a
short time, thus reducing the magnet-cooling requirement.

For rapid current decay it is necessary to remove the diode which
has been connected across the generator field for slow-decay protection.
The thyratron power-amplifier firing system is then modified to fire the
thyratrons as inverters for rapid removal of the energy stored in the
generator field. The inverter firing is controlled by the relays that change
the reference voltage.

Remarks

The location of the controls and terminations for the auxiliary dc
power sources should be planned for maximum operating convenience and
service, with all possible safety provisions included in the control circuits.

The maximum permissible magnetic-field ripple and regulation re-
quired will determine whether the power source should be best supplied
with a motor generator set or rectifier..

If a magnetic-amplifier or saturable-reactor control is planned for
large amounts of power, care should be exercised to prevent the harmonic
distortion generated by such control from disturbing the critical apparatus
fed from the same power source. :

The ease of reversing the output polarity of a generator may make
the MG set more desirable than a rectifier,.

We have found that the cost of used dc motor generator sets is
comparable to that of other dc power sources. Although used generators
seem to be satisfactory, the motor-control equipment should not use oil
circuit breakers, and should not be more than 15 years old, because of the
difficulty of obtaining replacement parts.

Low-current operation of dc genef(')ators for even a few hours may
cause the commutator film to disappear;” this will subsequently shorten
the useful life of the brushes and should be an important consideration when
applying generators to experimental loads.

Most of the large generating equipment should be remote from the
experimental area to eliminate noise and congestion near critical experiments.
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Even in the best-planned system the portable 4/0 cables will eventually
“become a tangled mess around the experimental areas. It should be possible
to run these cables from termination boxes to various magnets through a net-
work of trenches. This would at least get them out of sight and out from
underfoot.
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