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- SUMMARY

This report describes the capacitor discharge circuits of the new
500 kA, 200 kJ, 12 kV pulsed current excitation system of the magnetic
horn and reflectors of the three-stage focusing system of the CERN
neutrino beam, which is now being modified and adapted for an experiment
with the Gargamelle bubble chamber. A brief general outline is given of
the whole system, followed by a more complete description and specifi-
cations of the parameters, performance requirements, and essential tech-
nical details of the energy storage capacitor battery, the discharge
switching assemblies, and the low-inductance pulse transmission cables

and connectors.
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1.

INTRODUCTION

1.1 General outline

The high-voltage capacitor discharge system described here is required
to provide a high—-current excitation of the magnetic field in the focusing
devices of the new neutrino beam now being constructed for experiments with

the 10 m® Gargamelle heavy-liquid bubble chamber.

The beam is based on a three-stage focusing systeml_“) (Drawing
224-244-0) with three coaxial septum lenses usually called magnetic horns5)
or reflectors, Rl, R2, and R3 6). These magnetic lenses focus the neutrino
parent particles (7m and K mesons) produced in the target of an external

proton beam operating with a 2 usec burst of 10'? protons of 25 GeV/c

- momentum at a regular repetition period of approx. 1.5 sec. The lenses

have single-turn excitation conductors arranged as coaxial cylindrical
structures up to 5 m in length and 2 m in diameter, and in the maximum
field region the flux density reaches 10 Tesla at a peak current of 500 kA.
The particles emitted from the target must traverse the inner current-
carrying structure of the lenses, which therefore must be very light and

transparent for particles in order to reduce absorption losses.

Since a constant magnetic field is required only for the 2 usec
duration of each beam burst, a pulsed type of excitation system is suf-
ficient; this is also necessary in order to limit the problems of stresses
due to electromagnetic forces and heat dissipation, especially in the most
critical region of the inner conductor of the lenses where a peak current
density of the order of 10,000 A/mm? is required during each beam burst.
The necessary current pulses are produced by discharging into the lens
the energy stored in a high-voltage capacitor battery. The storage capac-—
itors are recharged during the 1-2 sec intervals between beam pulses to an
accurately preselected energy of up to 200 kJ at a voltage of maximum

12 kV. The charge is supplied by a controlled d.c. power supply.

Following a definition of the basic requirements and a brief outline
of the adopted solution for the system, a more detailed description of the
circuit is given in Section 2; the essential parameters, performance re-
quirements and technical details of the energy storage capacitors, the
discharge switching units, and the pulse transmission cables are specified

in Sections 3, 4 and 5.



1.2 Basic requirements

The magnetic lenses are required to produce an intense magnetic field,
and the necessary excitation current must remain at an essentially constant
value of up to 500 kA during the 2 usec duration of each beam burst and be
reproducible from pulse to pulse. The inductance and magnetic energy of
a lens is typically 1.0 uH, 125 kJ. In order to reduce particle absorption
losses in the material of the magnetic lens structure, the cross-section --
especially of the inner conductor -— must be reduced to a strict minimum
determined by the electromagnetic forces and the heat dissipated during

each pulse.

Continuous d.c. excitation is therefore excluded, and a pulsed method
is the only possible solution. Indeed it is of crucial importance to aim
for a pulse of the shortest possible duration that is practically achievable

by economically acceptable means.

Reliable continuous functioning without interruption during each beam
operation period is of essential importance in order to use the Proton
Synchrotron beam with maximum efficiency for bubble chamber exposures during
the time the beam is allocated for the experiment. Not only is beam opera-
tion cost per hour very high, but more significantly the amount of beam
operation time allocated to each research project is strictly limited, and
an occasion lost due to equipment failure cannot be easily compensated for
but may be lost for ever. Reliable operation without maintenaunce is there-
fore required for durations of several million pulses. According to ex-
perience, this is perfectly achievable by safe design and an adequate
standard of execution for all parts throughout the entire system, with

the following exceptions :

~ The inner conductor of the lenses, especially R1l, should be
critically dimensioned and may therefore need replacing due to

fatigue failure from time to time.

~ The reliable operation life limit of available discharge switches
'is not reproducible but is spread over a wide range with an

average value of less than 10° pulses.

- Radiation damage of the high-voltage cable insulation and other

sensitive items located in the target region is expected after an
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integrated beam current in the range 10'°-10'° protons has been
reached at the target. Assuming 10'? protons/pulse, operation
difficulties due to radiation effects may therefore be expected
to become a problem after an operation period in the range
10°-107 pulses; the exact limit depends on many factors and

cannot be easily assessed.

1.3 Selected method of solution

A capacitor discharge system has been chosen as the most suitable
solution. By this method, a sinusoidal current pulse with a base time of
approximately 100 times the desired constant field duration (2 usec) can
be achieved using mainly commercially available components, except for

certain critical items.

Several different pulse circuit configurations and their various

particular features have been considered.

In the simplest capacitor discharge circuit the magnet is switched
to the capacitor in series with a damping resistor in which most of the
energy is dissipated. In an oscillatory circuit with little damping, the
current reversal is harmful to the main discharge switch and the voltage
oscillations are harmful to the capacitor and cable insulation, and
expensive components must be used. With a critically damped or over—damped
circuit these problems are avoided, but in this case the energy transfer
efficiency is very low since most of the energy is lost in the bigger
damping resistor, and a correspondingly bigger energy storage is required.
The compromise of a moderately damped oscillatory circuit is a practical
solution when simplicity and inherently safe operation is important. This

solution was actually selected for the first magnetic horn system7).

The high efficiency of the oscillatory circuit is maintained and the
unwanted features avoided by introducing a crow-bar circuit which produces
a short circuit in series with a damping resistor just after the first
quarter oscillation period. Such a system is more complex and involves the
problem of achieving reliable functioning of the crow-bar switch. This
circuit was chosen for the present case as well as for the two similar
existing systems made for reflectors R2 and R3 because of the high—energy
transfer efficiency, and it also facilitated a very economical solution

for the energy storage capacitors.



1.4 Operation experience with
existing pulse systems

Certain experience in design, construction, and operation of high-
current pulse systems is already available at CERN, and the new system

will largely be based on this experience.

The first magnetic horn pulse system was constructed already in
1962-1963, and is described in Refs. 5 and 7. This system had a very low
energy transfer efficiency, and only about 40 kJ (257) was transferred to
the magnet, since most of the total 150 kJ energy stored in the capacitor
was absorbed in the 90 m{) damping resistors included for safety reasons
in series with each of the eight parallel capacitor sections. It operated
for several million pulses mostly in the range 200-300 kA at a repetition
period of 2-3 sec during the 1963-1964 neutrino experiment. Performance
reliability was limited by frequent uncontrolled premature firing
("prefiring") of the main ignitron discharge switches. A certain fraction
of the pulse cables and connectors also failed. Following repeated
breakdowns and because of increased output energy requirements, this

system must now be renewed.

Two bigger pulse systems with improved transfer efficiency were con-
structed®>®) and operated for about 2 x 10° pulses for the 1966-1967
neutrino experiment, and for various development tests on new magnetic
horn devices mostly in the range 300-400 kA at a 2.0 sec pulse repetition
rate (Photo 96-9-66 and 46-6-67). Frequent voltage breakdown (prefiring)
of the main ignitron discharge switches limited the performance reliability
and made it difficult to operate the two systems at full voltage (12 kV).
Increasing firing delay with age of the crow-bar ignitrons also caused a
certain amount of interruption of operation in order to replace defective

ignitron units.

The parameters of the Rl, R2, and R3 pulse systems are listed in
Table 1.1.

1.5 Prototype module for new
pulse system

‘The concept for the new pulse system is based on the experience
gained with the existing R2 and R3 systems. The new system will be con-

structed with 12 energy storage capacitor and discharge switching modules.
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Table 1.1

Parameters of the CERN neutrino beam pulse systems

0l1ld Horn New R1 Existing R2 Existing R3
system system system system
Peak pulse current total (kA) 300 500 500 500
per section, nominal (ka) 38 42 42 42
per section, max. (kA) - 50 50 50
Stored energy % CV? (kJ) 150 200 200 120 (initial)
200 (extended)
Energy transferred to 45 at _ 106 at 56 at
magnet % L I%, approx. (kJ) 300 kA 400 kA 400 kA
Transferzefficiency
L L cy2
(3 L I9)/(5 cv?), 30 - 70 60
approx. : (%)
Charging voltage, max. (kV) 11.6 12.0 12.0 12.0
Capacitor voltage 30 95 25 95
reversal (%)
No. of parallel circuit 8 12 12 12
sections (+1 reserve) (+1 reserve)
Inductance of magnetic
lens (horn or <1.0 0.5-1.5 1.3 0.7
reflector) (uH)
Total circuit inductance (UH) 1.1 1.0-2.0 1.6 1.0
Current yise-time B
L (LC) (usec) 80 80-120 80 50
Capacitance
total (WF) | 2227 2780 2780 1710 (initial)
2780 (extended)
per section (UF) 278 235 235 143 (initial)
235 (extended)
Electric charge in
capacitor bank
total (Asec) 25.8 33.3 33.3 20.5 (initial)
33.3 (extended)
per section (Asec) 3.2 2.8 2.8 1.7 (initial)
2.8 (extended)
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The new modules should be basically similar and electrically identical to
the old type, but the general execution, the safety aspects, monitoring
facilities and the construction of many practical details must be brought

to a higher standard.

A model of the improved version has therefore been constructed as a
tentative prototype module for the new system. The new module is self-
contained and completely enclosed in an independent closed metal cabinet
(Photo 194-5-69 and 195-5-69). This construction should reduce the acous-
tical and electrical noise level, and permit an over—all simplified arrange-
ment of the installation as compared to the old modules, which were
assembled in open frames and enclosed together in a common high-voltage
safety cage with interlocked doors preventing access while the circuit was

under tension.

®he cabinet of the prototype module (Photo 194-5-69) is divided into
two compartments. The energy storage capacitors are accommodated in the
rear compartment, and the discharge switching assembly is located in the
front compartment, which has a transparent window intended mainly for
visual inspection of the discharge switches. Further details are described

more completely in Sections 3 and 4.

BASIC CIRCUIT OPERATION, PARAMETERS, AND SYSTEM LAYOUT

The basic schematic diagram of the 500 kA pulse system is shown in
Drawing 224-133-3, The high-current capacitor discharge circuit has been
divided into twelve branches or sections in order to reduce the switching

problem down to the range attainable by practical switching devices.

2.1 Circuit operation

The various voltages and currents in the capacitor discharge circuit

as function of time are represented in Drawing 224-480-4.

A precision-controlled d.c. power supply charges the twelve energy-
storage capacitor sections to an adjustable preselected voltage of max.
12 kV during the approximately 1.5 sec intervals between beam bursts.
At a programmed instant about 100 usec (exactly % oscillation period)
before each beam burst, all sections are switched simultaneously to the
low-inductance magnetic lens by means of individual discharge switches and

coaxial transmission cables. A sinusoidal current pulse starts to flow
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through the magnet and reaches a maximum after about 100 usec, while the
capacitor voltage falls cosinusoidally to zero and then reverses to nega-
tive values. The voltage reversal will normally be limited to 3 kV (or

25% of max. charging voltage) by means of the parallel crow-bar circuits,
which start conducting soon after the capacitor voltage has reversed
polarity. Consequently, the oscillation stops, and the magnet current and
the crow-bar voltage decrease exponentially with a time-constant of approx-
imately 150 usec determined mainly by the lens inductance and the resistance
of the crow-bar circuits. At the same time, the capacitor voltage decreases
with a time characteristic determined by the parameters of the HV charging

circuit, except in the case of back-firing of the main discharge switch.

Occasionally the crow-bar switches of one or more sections may fire

- with a delay, or may fail to fire completely. The total current is then
shared by the reduced number of remaining circuit branches, each of which
must therefore carry a higher current above the normal value. This results
in an increased voltage drop across the crow-bar resistors, and therefore
in an abnormally high reverse voltage on the capacitors. In the extreme
case when all crow-bar switches fail, the capacitor voltage may reach a
reverse value of up to 85% of the original charging voltage since the
oscillations continue at a frequency of around 2.5 kHz and are attenuated
only by the natural circuit resistance. In the more common case, rarely
more than a few crow-bar switches fail for the same discharge pulse, and

the reverse capacitor voltage then exceeds the normal value only moderately.

2,2 System layout

The pulse system is built up of functional assemblies and modules,
as represented in the block diagram Drawing 224-468-4. The basic functions

and features of the main constructional units are listed below:

2,2.1 The d.c. power supply

The d.c. power supply charges the energy storage capacitor battery
to a preselected voltage adjustable in the range 0-12 kV during the
interval of 1-2 sec between discharge pulses. The charging current is
adjustable in the range 0-35 A. Accurate current and voltage stabilitvy
are achieved by means of a thyristor controller on the primary side of the

HV transformer. The twelve outgoing charging circuit branches are fully
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protected against all normally occurring faults in the high current dis-

charge circuit. Complete details are described in Ref. 10.

2.2.2 Energy storage capacitor battery

The capacitor battery is built up of 12 modular sections usually in
the range of 10-20 kJ (140-280 uF) each at 12 kV. Each modular section is
made up of several smaller units of 2-3 kJ per container. Further details

are described in Section 3.

2.2.3 Discharge switching assembly

Each discharge switching assembly is rated for 50 kA, 20 kJ (280 uF)

at 12 kV, 1.0 pulse/sec max., and includes the following constructional parts:

- Main discharge ignitron switch with isolation transformer for the

trigger pulse circuit.

- Crow-bar circuit with a low-inductance water-cooled crow-bar
resistor in series with the crow-bar ignitron switch provided with

a self-ignition circuit.

- Toroidal current transformers for providing the necessary signals

for current monitoring and interlock circuits.

- Auxiliary discharge circuit with an auxiliary discharge contactor
operated by the interlock circuits and connected in series with a
dumping resistor into which the stored energy is discharged when
the system is stopped manually or, in cases of faults, by the

protection interlock system.

- Manual safety switch for shorting and grounding both capacitor

terminals.

- Polarity reversal switch for changing the direction of the current

through the load.
Further details are described in Section 4.

2.2.4 High-current pulse cables and connectors

Two low-inductance coaxial cables in parallel with a resulting in-
ductance of 25 nH/m connect each energy storage section to the magnetic
lens, which is located at a distance of 50-100 m from the supply equipment.

Further details are described in Section 5.



2.2.5 Magnetic lens

The magnet is a low-inductance single-turn air—-core coaxial Sépfum
lens (magnetic horn or reflector, Drawing 224-484-4) with an inductance
in the range 0.5-1.5 UH and a resistance of negligible value. The lenses

and their beam optical applications are described in Refs. 1 to 6.

2.2.6 Control electronics

The electronic control instrumentation is divided into the following
groups: The local and remote units with the interlocks, the timing system,
and the signal measurement and display unit. The remote control unit con-
tains extensions of the most important controls and indication lamps on
the local control unit, and in addition a delay control for adjusting the

timing of the discharge current pulse.

The timing system receives a synchronizing pulse train, from which it
derives timing pulses for the charging Supply, the interlocks, the current
measuring unit and, via the local control unit, for the ignitron trigger

unit.

The interlocks are an important part of the local control unit, en-
suring continuous automatic protection of the system. They will switch
off or prohibit switching on in case of danger to personnel or equipment,

and a set of lamps indicates the nature of the failure.

The signal measurement and display unit gives a digital display of
the peak current in the magnetic lens, and provides an oscilloscope for

displaying the current waveforms. Complete details are described elsewhere!!).

~The energy storage capacitor battery, the discharge switching assembly,
the high-current pulse cable, and the connectors are described in full
detail in the following sections. The d.c. power supply, the magnetic lens,
and the control electronics are described separately in the references

quoted above.

ENERGY STORAGE CAPACITOR BATTERY

Each of the twelve energy storage capacitor sections is designed for
a maximum energy of 20 kJ at 12 kV. Each section is composed of several
smaller units (containers) mounted in the rear compartment of the modular

assembly cabinet (Photo 194-5-69). An energy Qf,2—3 kJ per capacitor
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container has been assumed since this corresponds roughly to the heaviest
weight and largest size that can conveniently be handled in case replace-

ments should be required in the upper parts of the cabinets.

The most essential capacitor data are specified in Table 3.1, and

further explanations are given below.

3.1 Voltage rating

The working voltage is 12 kV. It may be assumed that the capacitor
will normally be charged at roughly constant rate during the first 3/4 of
each repetition interval, and that it remains at the final voltage for the
last 200-300 msec before each discharge. However, to allow for triggering
failure and for manual timing it is desired that the capacitor can with-
stand full voltage for longer periods of duration, to be proposed by the
supplier. Exceptionally the capacitor voltage may reach 13 kV in case of

faulty operation of the voltage control circuits of the d.c. power supply.

The voltage reversal on the capacitor is normally limited to 3 kV by
the crow-bar circuit, which fires just after the capacitor voltage starts
reversing after % period. The reliability of the crow-bar circuit may be
assumed to be 99.97, and in case of failure the voltage reversal will reach

80-85 7.

3.2 Current rating

The energy and the current rating of each storage section depend
largely on the rating of readily available discharge switching ignitrons,
and a peak current value of 50 kA/20 kJ at a repetition rate of 1 pulse
per second should be assumed as normal operation. The period of the damped
oscillatéry discharge will normally be in the range 200-400 usec, but the
oscillation is stopped by firing the crow-bar ignitron shortly after %
period. (See Section 2.) A peak fault current of 150 kA/20 kJ should be

considered.

All internal and external connections and the cooling must be sufficient
for these conditions. Furthermore, the design must be such that when the
total energy of a section is discharged into a local fault in one of the
capacitor containers, no catastrophic effects result, and there is no
damage to the other containers of the section. The charging circuits of

different sections are separated by diodes or other means, such that harmful
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Table 3.1

Energy storage capacitor data

Voltage ratings

1.1

1.2

1.3

1‘4

105

Charging voltage, normal operation

fault condition

Voltage reversal on capacitor, normal operation

fault condition

Duration of voltage application between
discharge pulses

d.c. test voltage applied during 60 seconds

d.c. test voltage applied during 1.0 hour

Discharge current ratings

2.1
2.2

2.3

2.4

2.5

2.6

Life

3.1

3.2

Repetition peak current
Current pulse duration

Pulse repetition frequency
Cooling

Fault current

Current test

Expected life

Guaranteed life, allowing 107 failure

12 kv
13 kv

3 kv
85%

1.0-2.0 sec
To be specified

To be specified

2.5 kA/kJ
30-300 usec

1 pulse per second
- 1 pulse per 2 sec

Natural air at
20 + 20°C

Limited only by
internal inductance
and resistance

20 discharges with
short terminals

To be quoted

5 million discharges
or 1 year, whichever
is shorter
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Table 3.1

(cont.)

Energy storage capacitor data

4., Execution

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Weight per container

Capacitance and energy per
container

Capacitance tolerance

Inductance and self-resonance
frequency

Terminals

Dimensions and mounting
Energy density in Joules per
litre of volume (terminals,

brackets, etc., not included)

Insulating material, thick-
ness, and number of layers

Impregnation material

Max. 100 kg, preferably 50-75 kg,
exact value to be specified by
manufacturer

Preferably about 40 uF, 3.0 kJ

To be agreed

To be agreed

Both poles insulated from casing
To be specified by manufacturer
To be specified by manufacturer

To be specified by manufacturer

To be specified by manufacturer
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currents cannot flow from one section to another via the charging circuit.

Energy absorbing resistors or fuses in series with each capacitor

element to limit the effects of a local fault are not desired.

3.3 Mounting
The containers of each section are mounted in the rear compartment of
the cabinet designed for indoor installation in still air of a temperature
between 0°C and +40°C. S o
Forced air-cooling is undesirable, but if necessary a fan could be

foreseen for each cabinet.

The terminals should be arranged to facilitate low-inductance parallel

connections between the various containers of each storage section with

- closely spaced parallel busbars. Both terminals must be insulated from

the case.

DISCHARGE SWITCHING ASSEMBLY

4,1 The switching problem and available switching devices

The HV switching problem is basically to switch a stored eﬁergy éf
200 kJ at 12 kV to produce a current pulse of max. 500 kA through the
magnet, and to crow-bar this current at the first currentvmaximﬁm of the
oscillation. This operation is repeated for millions 6f pulses at a
regular repetition period adjustable in the range of 1.0-2.0 sec. The
basic switching requirements are listed in more detail in Table 4.1,
which is based on the circuit shown in Drawing 224-133-3, and on the

voltage and current pulse forms illustrated in Drawings 224-480-4 and

244-479-4,

The main discharge switch is under voltage nearly continuously, but
must hold off the full 12 kV only for the last 100 msec of each charging

period.

The crow-bar switch should switch,.at close to zero voltage, a crow-

bar current rising from zero to 500 kA in 10 usec.

Since no single switch will meet the specification, the total current
is split into the number of branch currents that is suitable for the
practical switching devices actually available, and several types of

switches have been considered including
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Table 4.1

Basic switching requirements

Main switch

Forward voltage

Duration of application
Reverse voltage

Duration of application

Pulse duration (% sine-wave)
Repetition period

Peak current

r.m.s. current

Initial rate of rise of current
i’t-integral

Charge transported

Crow-bar switch

Forward voltage

Duration of application

Reverse voltage

Duration of application

Pulse duration (exponential decay, 107 value)
Repetition period

Peak current

r.m,s. current

Initial rate of rise of current

i2%t-integral

Charge transported

12 kv

1.3 sec

3 kv

200 msec
100 uysec
1.5 sec
500 kA

2.3 kA

10 kA/usec
12 x 10° A%gsec
33 Asec

3000 V

5 usec

12 kv

100 usec
350 usec
1.5 sec
500 kA

3.5 kA

50 kA/usec
20 x 10° A%sec
75 Asec
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a) ignitrons
b) thyratrons
¢) air spark-gaps

d) solid-state switches (thyristors, silicon diodes).

4,1.1 Ignitron switches

Ignitrons of various makes are used in the existing systems. They
have the advantage of being very rugged and able to withstand very high
overcurrents under fault conditions inherent to them, without suffering
permanent damage. One of these faults is premature firing of a single
ignitron, which results in a current up to twice the nominal peak value
in the particular branch. The ignitron life is on the average about 10°
pulses for exceptionally good samples. The performance from sample to
sample is not reproducible and spreads over a wide range from a few pulses
up to well above 10° pulses. Ignitrons have the disadvantage that they
require anode heating and careful temperature control of the cathode

(and walls) by means of a water circuit.

At present, preference is being given to ignitrons over the other
types of switches, because 12 of them in parallel can cope with the switching
load defined in Table 4.1. The cost of the battery of devices required

seems to be less than for the alternative solutions.

4.1.2 Thyratron switches

Thyratrons are available for a very wide range of applications up to
moderate pulse current ratings. They have the particular feature that
they can be triggered with very small delay and jitter, of the order of
nanoseconds. Relatively little information has been available about the
durability and general performance of thyratrons for the type of heavy

current pulse application considered here.

Although these devices are used extensively and may be suitable for
very short high-voltage pulses, we have no indication that thyratrons could
provide an economically competitive solution to the present switching
problem. Since they also do not seem to be as robust as ignitrons, the use

of thyratrons does not seem to be a practical proposition.
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4.1.3 Air spark-gap switches

Triggered spark-gap switches operating in air at various pressures
are used for certain high-voltage high~current fast-switching applications.
These devices can be made with particular features, including short trigger
delay, small trigger jitter, and very fast current rise-time. For a moderate
charge of 10—2 Asec/pulse, an operation life of 10’ pulses has been
achieved!?), corresponding to an integrated charge transfer of 10° Asec.
Tests on spark gaps for very high currents have shown that only a very
small amount of electrode erosion, with no effect on performance, was
caused by a charge transfer integral of 2.5 X 10° Asec at 250 kA, 50 Asec

per pulse13).

Spark-gap switches suitable for our purpose are at present not com-—
mercially available, and due to limitation of our available effort a more
complete consideration of the possibility of a solution with spark gaps

has been postponed.

4.1.4 Solid-state switches

Blocking voltage and current—carrying capability of commercial thy-
ristors and silicon diodes are steadily increasing, and they have also
been considered as a possible alternative. Their definite advantage is
reliability and long operation life if properly used. But at present more
than 300 of these devices would be needed in a series and parallel arrange-

menth) -- a solution that does not seem to be economical.

This number of elements could be considerably reduced by introducing
di/dt limiting saturating series reactors that would be of sufficient size
to prevent high current until a large enough junction area has been

ionized!®),

The possibility of using solid-state switching devices for the present
type of application seems technically feasible, but the cost and testing
effort required to check in certain points reliably would be beyond our

possibilities for the present project.

4.2 Ignitron assembly

4,2,1 1Ignitron switches

Although in past experiments the ignitron switches, as described
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Table 4.2

Switching requirements for one of the 12 sections

Main ignitron

Forward voltage

Duration of application

Reverse voltage

Duration of application
Pulse duration (% sine wave)
Repetition period

Peak current, max. with 12 branches

n " max. with 10 branches

" " under fault condition, max.

r.m.s. current, max.

Initial rate of rise of current, max.
.2 .

1°t-integral, max.

Charge transported, max.

Crow—bar ignitron

Forward voltage

Duration of application

Reverse voltage

Duration of application

Pulse duration (exponential decay, 107 value)

Repetition period

Peak current, max. with 12 branches

" " max. with 10 branches

" " under fault condition, max.

r.m.s. current, max.

Rate of rise of current, max.
.2 .

i“t-integral, max

Charge transported, max.

1-12 kV
0.8-1.8 sec

0-3 kV

200 msec
80-120 usec
1.0-2.0 sec

42 kA
50 kA
150 kA

300 A

1 kA/usec

10° A%sec

" 3 Asec

300-3000 V
5-20 usec

1-12 kv
80-120 usec

300-500 usec
1.0-2.0 sec

42 kA
50 kA
150 kA

400 A
4 kA/usec
1.5 x 10° A%sec

8 Asec
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earlier, have not met the requirements, there is no indication that other
switching devices will give a better performance without time- and money-
comsuming development work. Therefore it is proposed to use ignitrons
both as main and crow-bar switches for the new Rl system. Therefore, this
system is divided into 12 parallel units as the R2 and R3 discharge

switching assemblies.

The nominal peak current rating of the system is 500 kA. When equally
shared among 12 parallel branches, this would correspond to 42 kA/branch.
However, each branch should be rated for 50 kA in order to allow for uneven
current-sharing and to permit operation at full current with one or two

branches missing.

The switching requirements per branch are collected in Table 4.2.

4.2.2 Trigger unit

The most important ignitron trigger requirements are compiled in
Table 4.3. The data in this table are very general and not matched to

any specific make or model on the market.

An example of the firing circuit used in the existing systems to
transform the external timing pulse into the more powerful pulses re-
quired to fire the main discharge ignitrons is shown in Drawing 224-444-3,

The circuit is assembled in a standard 19" chassis unit (Photo 286-5-69).

The circuit must be capable of operating from the input pulse shown
in the diagram, and provide the required output pulse at a maximum repetition

rate of 1 pulse per second.

The circuit operation is as follows: A positive pulse of 1 + 0.3 usec
duration is applied to the transformer Tl. The positive pulse from the
secondary winding 6f Tl is applied to the gate of thyristor SCR1 via diode
D1; SCRL discharges capacitor Cl via transformer T2. The positive output
pulse from the secondary winding of T2 is applied to the ignitor of ignitron
Vl. This ignitron discharges the capacitors in the 12 parallel circuits
via their respective transformers. The output pulses from the transformers
are fed to the ignitors of the main ignitrons. Precaution is taken, by
means of a diode between ignitor and cathode, to ensure that the ignitor
never reaches a negative potential in excess of 5.0 V with respect to the

cathode.
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Table 4.3

Ignitron trigger requirements

Type of trigger circuit
Type of trigger switch
Trigger capacitor
Charging voltage

Current limiting resistor

Trigger loop inductance

(including transformer leakage inductance)
Trigger current, peak
Trigger pulse duration
Rate of rise of trigger current
Maximum firing jitter

Negative voltage between ignitor and
ignitron cathode

separate excitation
ignitron

0.25-1.0 uF

1.5-3.0 kV

2-10 Q

1.0-20 pH
50-200 A
5-50 usec
0.1-1.0 kA/usec

1.0 usec

0-5 v
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At the present time it might be possible to replace ignitron V1 by

a high-voltage thyristor and to modify the trigger circuit accordingly.

4.,2,3 Temperature control unit

Since the ignitrons have to be operated at a constant temperature
around 40?0, they are connected to a closed-loop distilled-water circuit.
It consists of a water reservoir, a heater, a heat exchanger cooled by
the normal water supply in the building, a temperature sensor, a transfer
pump, the temperature control electronics, and some indication lamps. All
wet parts in this circuit are non-ferrous or made of stainless steel. The
temperature control electronics switches the cooling water in the heat
exchanger or the current in the heaters on or off in such a way that the
predetermined temperature is maintained to within #2°C. The working tem-—
perature can be selected anywhere between 20°C and 80°C. If the temperature
excursion exceeds the specified limit, the interlock chain should be acti-

vated to switch the whole system off.

The high-pressure side of the transfer pump is connected to the
ignitrons and, via a throttle valve, to a bypass circuit. The water pressure
in and the flow through the ignitrons can be adjusted by means of the
throttle valve. The bypassed water flow serves to cool the pump and to

stir the water in the reservoir in cases of reduced water flow requirements.

4.3 Polarity reversal switches

4.3.1 Manual polarity reversal switches of the switching modules

From time to time it is necessary to reverse the magnet current and
magnetic field direction in the lens in order to focus particles of the
opposite sign (for producing a beam of neutrinos and anti-neutrinos,
respectively). Polarity changing facilities have therefore been included
at the outgoing terminals of each switching module. These switches
(Drawing 224-455-3) consist essentially of two pairs of partially over-
lapping plates which are connected to the outgoing cables and the switching
module, respectively. By means of four heavy bolts passing through two
isolating and two electrically conducting tubular spacers, one can connect
each plate of one pair to each plate of the other pair. Proper insulation
between all of these plates is required in order to avoid spark-over and
surface discharges. The construction must be very rigid because of the

magnetic forces involved.
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This arrangement has the disadvantage that the cables must be operated
with the full voltage on the outer conductor against ground for one of the
two polarities and for approximately half of the operation time. The insu-
lation of the outer cable conductor against earth must therefore be made

for 12 kV.

4.3.2 Remotely controlled polarity reversal switch at the magnet

In order to avoid high voltage on the outer cable conductor, an alter-
native solution with a polarity reversal switch located at the magnet end
of the cables would be desirable. Since this switch would be located in the
radiation area, it should preferably be remotely controlled, or at least
be such that any manual change-over operation could be made quickly. A
satisfactory solution has not yet been found, but it is hoped to install

such switches at a later stage.

4.4 Crow-bar resistor

The crow-bar resistor (see Table 4.4) is a low-inductance heavy-duty
resistor, and represents most of the R in the RL circuit after the crow-bar
ignitron has fired. The resistance value of 60 m{2 has been chosen so that
the negative voltage overswing does not exceed 3 kV and the time constant for
the current decay is L/R = 150 usec, which is sufficiently short to limit
satisfactorily the heat dissipation in the magnet and other circuit com-
ponents. Typical values for voltage and current are shown in Drawing

224-480-4.,

Occasionally it may occur that the crow-bar ignitron breaks through
immediately after the main ignitron has fired. In this case a very short
current pulse of 150 kA peak flows through the crow-bar circuit. Although
this happens very rarely and the protection circuit switches off immediately
after such a failure, the crow-bar resistor must withstand the electrical

and mechanical stresses.

The crow-bar resistor must have a very low inductance is order to
achieve a sufficiently short rise-time of the crow-bar current. Short
rise~time is needed to limit the negative voltage overswing. In order to
achieve low inductance, the crow-bar resistor is made of a stainless-
steel foil, which is folded together and insulated by mylar sheets. Water-
cooled copper plates between the mylar insulation remove the energy dis-

sipated (Drawing 224-448-3).
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Table 4.4

Crow-bar resistor data

Essential requirements:

Resistance

Inductance

Peak pulse current, normal operation with 12 sections
normal operation with 10 sections
fault condition

Heat dissipation per pulse

Heat dissipation, average

Pulse voltage

60 m * 37
45 nH * 10%
42 kA

50 kA

150 kA

15 kJ

10 kW

12 kv

Construction data of actual components used in the existing equipment

Conductor : stainless steel 0.30 mm X 228 mm = 68.4 mm?
Current density at 50 kA 730 A/mm®
Cooling water flow at P = 3 kp/cm?, per circuit

total for 4
parallel circuits
Max: water pressure, at inlet
at outlet
External dimensions : 1160 X 380 X 150 mm

Weight

1.5 2/min

6 2/min
6 kp/cm?
3 kp/cm?

59 kg
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The ends of the stainless—steel foil are both covered with an electro-
lytically deposited copper layer of about 0.4 mm thickness over a length
of 80 mm and are soldered to the electrical connections. The sides of the
crow-bar resistor are covered with SRBF plates, and are clamped together
by means of aluminium U-profiles and bolts. Further details are shown in

Drawing 224-449-3,

The cooling water circuits are connected in parallel by means of a

small manifold mounted at one of the U-profiles.

4.5 Auxiliary discharge circuit and safety switches

A high-voltage dump switch is provided to discharge the capacitor
into a dump resistor of approximately 1 k2 (Drawing 224-325-3A and Photo
26-11-68). It is used when the system is switched off manually or by the
interlock circuit in case of certain fault conditions. This switch is
closed by gravity forces and/or a spring-load, and is opened by a 24 V d.c.
solenoid. Sufficient damping prevents bouncing of the tungsten contacts,
which should be tested to withstand many years of normal operation (about
10,000 discharges). The dump switch is fitted with a microswitch (working
contact to indicate when the switch is open) for the interlock chain. The
power capability of the dumping resistor allows dumping of the maximum
energy stored in the unit 10 times in 10 seconds every 20 minutes (Drawing

224~457-2 and Drawing 224~456-2).

A safety switch is provided which is operated manually from outside
the cabinet. It is not to be used for discharging the capacitors but to
ensure that both capacitor terminals are at earth potential and that charge
accumulation is impossible. Therefore a d.c. current rating of 300 A + 100 A
is sufficient. There is no danger in the fact that this switch will disin-
tegrate if, due to a coincidence of faults, it is closed when the capacitors
are charged. Since no unknown transient voltages can appear across that
switch, one can choose a relatively small-size model which has a low com-

mercial voltage rating, e.g. as in Table A.I.

4.6 Measuring devices and ground connection

Because of the high voltages involved, measuring devices (see Table 4.5)
are either housed in the switching units cubicle and/or galvanically separat-

ed from the discharge circuit.
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Table 4.5
Measuring facilities

1. Requirements

1.1 Voltmeter, pointer instrument

Signal Pointer deflection
Over—-all accuracy 127

Scale, linear 0-13 kV

Full-scale deflection within ' 200 msec

1.2 Current transformer with iron core

Signal, proportional to primary current 10.0 V secondary
 for 10.0 kA primary

Over-all accuracy (1-60 kA primary) 17

Phase shift, max. +0.2°

Frequency range 1-10 kHz

Primary current range 0-60 kA

Permissible overcurrent 150 kA

Current rise-time (% sine wave), min. 80 usec

Current tail (exponential decay to 10%), max. 500 Usec
Current-time integral, primary, max. 15 Asec

Impedance of measuring device 75 Q

2. Proposed solution

2.1 Moving coil voltmeter with voltage divider,

e.g. as in Table A.I.

2.2 Toroidal current transformer

Current ratio 300:1
Number of turns Primary 1
Secondary 300
Core material Silicon grain oriented
iron '
Core dimensions ID 31 mm
oD 62 mm
width of iron tape 25 mm
enamel layer 0.5 mm
tape thickness 0.3 mm

air gap 2 X 0.07 mm
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Table 4.5 (cont.)
| Measuriﬁg facilitigs
Winding conductor (copper) diameter
Winding resistance, approx. .

.Terminating resistance -

Type of term. resistance

Cooling
Duty ratio

Inductance in iron core at 50 kA, approx.

008 ‘mm
10

Painton MVIA, or ..

equivalent

still air

-3
<10
1.2 Wb/m*
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A fast responding voltmeter, connected by means of a voltage divider
across the capacitor terminals, is incorporated in each switching unit.
Three current transformers are built into different branches of the circuit
for measuring the following quantities separately: the current in the
capacitor bank; the current through the magnet; and the current through
the crow-bar resistor. Physically these transformers are mounted close
to the earthing point for safety reasons. Technically they consist of:
the primary winding, reptesented by a bolt connecting two busbars in the
main circuit; an iron core with a sufficiently large cross-section so as
not to go into saturation for primary currents up to 60 kA, and with an
air gap to keep the remanence down and to enhance linear response; and a
termination resistor of 0.3 Q. The transformer in the magnet branch is
reserved for precise current measurement only. The external measuring equip-
ment (e.g. precision oscilloscope) permits measurement of the current of each
section singly, as well as the tbtal current of the system. The other
current transformers are needed for displaying the current waveforms and
for supplying signals for the electronic fault detection and protection

circuits.

Each discharge switching circuit is grounded singly by a separate
heavy current cable to the central building earth. No other connection tq
ground of less than 1 MQ is permitted for any part of the 12 kV circuit.
This holds for the switching units, as well as for the charging supply and
the magnet. As shown in Drawing NPA 224-133-3C, the negative side of
the capacitor is connected to ground at the point where the crow-bar

circuit branches off.

The cabinet structure of each switching unit is also connected to

the central building earth, and by no means to the circuit inside it.

4.7 Cabinet layout

The energy storage and discharge switching assemblies are self-
contained cabiﬁet~type units, located some distance away from the magnetic
horn and the reflectors in a separate building in order to avoid nuclear
radiation problems. For safety reasons, i.e. to reduce possible damage
due to capacitor or connector explosion, etc., these units are completely
enclosed with sheet metal (Photo 195~-5-69) in such a way that they can be

safely touched when in operation. The ignitron anodes can be inspected
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through a safety glass window in the front panel. The top cover is made
so that the heavy-current cables, including their connectors, can be put
into and taken out of the unit easily, and that enough natural air convec-

tion is possible to cool those components of the circuit that are not water

cooled.

The interior of the cabinet is essentially divided into two regionms
(Photo 194-5-69). The larger one, in the rear, houses the energy storage
capacitor units. The switching circuitry is located in the front part
where the ignitrons and the polarity switch are arranged in such a way
that they can be exchanged and operated, respectively, with greatest
possible ease when the front panel is removed. Access from the sides may
never be required. The ignitron anodes are each heated by a 250 W

infrared lamp.

In the cooling water loop, the crow-bar ignitron is connected in
series behind the main ignitron. The cooling water hoses are fitted with

snap-on connections, which seal themselves automatically when taken off.

All heavy-current connections inside the cabinet are of low-inductance,
low-resistance design using large cross—section copper—bar strip—-lines
whenever possible. Special attention must be paid to the mechanical rigi-
dity of all these connections because of the strong magnetic forces
associated with the high pulse currents. In particular, the strip-lines
have to be compressed by rigid clamps exerting a high pressure. The total
inductance of the unit when short-circuited at the cable connectors is

less than 1.0 uH.

Since the ignitrons are a source of strong acoustical noise, they
are mounted on rubber pads and connected to the circuit by means of
braided conductors. The cabinet walls next to the ignitrons are covered

with non-flamable sound—absorbing material.

For the purpose of standardization all low~voltage connectors
should be of CERN standard type. The selected connectors are listed

below.
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1. Current transformer signals ¢ BNC 50 @

2. 24 d.c. for high-voltage switch and aux.
contacts ¢ Burndy, type
UTO 2-14-12P-5T

3. Trigger pulse input : Cannon, type
MS 3102A 18-16P

4, 220 V for infrared lamps : Metronic AG, Zurich;
plug fixed 3 poles,
6 A 250 V.

The energy storage compartment of the cabinet must be suitable for
accommodating capacitor containers of different shapes and sizes (Bosch,
BICC, etc.) up to a total amount of 20 kJ. The detailed fixing structure
must therefore be of a screwed and not of a welded construction. For
dimensioning the cabinet, the following dimensions may be assumed for the
capacitors (terminals and fixing brackets included): 820 mm X 160 mm X
650 mm. A container of this size usually accommodates 2-3 kJ, depending

on the execution.

The cabinet must be equipped with eye-bolts for lifting by crane,
and have a robust base structure with 120 mm high legs in order to permit

easy transport by fork-truck. Front and back panels must be removable.

The equipment must be constructed in such a way that all components
can be easily inspected, tested, or exchanged. The execution must conform
to up-to-date techniques and standards as required so as to ensure a high

degree of reliability under the load condition specified.

The construction must comply with normal safety practice and regu-
lations, and the equipment should be suitably protected so that it can be
operated without hazard by experimental personnel possessing no special

knowledge of the system.

LOW‘INDUCTANCE HIGH-VOLTAGE PULSE CABLES AND CONNECTORS

5.1 Cables

The energy storage and discharge switching units are located outside
the radiation area at a distance of 50-100 m from the magnets (horn and

reflectors), depending on the experimental layout, which is changing from
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time to time. A typical installation layout is shown in Drawing 224-244-0.

Also, it is desired that as much as possible of the total energy 4CU?
accumulated in the storage capacitors should be transferred to the magnet,
and this requires that the total inductance of the transmission cables
should be small compared to the approximately 1.0 pH inductance of the
magnet. It is considered reasonable to admit an inductive energy loss of
107 in a 50 m long transmission system. This corresponds to an inductance
of 2.0 nH/m, which could in principle be achieved by means of a parallel-
plate ("strip-line'") type of transmission line, but a parallel array of

flexible low-inductance coaxial cables has been preferred.

A cable inductance of 50 nH/m is proposed as the most practical
solution, assuming two parallel cables for each of the twelve energy
storage and switching sections. This arrangement has also been used with
satisfactory result in the existing R2 and R3 systems. A single cable per
section of 25 nH/m would also be acceptable, and would also have the ad-
vantage of requiring only half the number of connectors; however, such a
cable would be inconveniently rigid and heavy to handle, and would pre-

sumably be a less economical solution.
More detailed data of the preferred cable are listed in Table 5.1.

In addition to the essential requirements of low inductance and high
current-carrying capacity for high-voltage pulse duty, the cables must
also be made with an insulation that can withstand intense nuclear
radiation without being damaged too rapidly. Paper, oil, and the most
radiation-sensitive plastic materials (Teflon, PVC, etc.) should thefe-
fore be excluded. A special radiation-resistant material would be
preferred, if this could be combined with the high-voltage low-inductance
requirements at a reasonable cost. An insulation of polyethylene is accep-

table as an economical compromise solution.

The small inductance value of 25 nH per loop metre for each section
or 50 nH/m for each cable assuming two cables per section, requires a ratio
(insulation thickness)/(perimeter) = 0.01 (approximately). Clearly the
insulation must therefore be very thin in order to limit the cross-sectional
size of the cable, and it must also be of a very high and uniform quality

so as to withstand the voltages involved.
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Table 5.1

Pulse cable parameters corresponding to 2 parallel cables
for each of the twelve parallel sections

Circuit type

Voltage between conductors

Voltage between outer conductor
and earth

Voltage reversal

Test voltage

Peak current, per cable, normal
fault

Pulse duration

Oscillation period in case of
crow-bar failure
Pulse repetition rate

Inductance per cable

Capacitance

Mechanical strength

Cooling

Life guarantee

Bending radius

Oscillatory LCR circuit crow-barred

after % oscillation period

12 kv

12 kv

Normally 3 kV, but 857 in case of
crow-bar failure. The crow-bar

failure rate is 0.17

25 kV peak 50 c.p.s. for 1 minute
+18 kV peak 50 c.p.s for 1 hour

25 kA
50 kA

Equivalent to sinusoidal pulse of
300 microseconds base

200-400 microseconds

1 pulse per 1.5 second continuously
50 nH/m * 107%

Not critical, to be quoted by
manufacturer

As required for the pulse currents
specified

Still air of max. 40°C
2 million pulses, a failure rate per
million pulses of 0.08 failure per
section = 1.0 failure for complete

system acceptable.

To be quoted by manufacturer



- 31 -

There is no restriction on the capacitance of the cable, since it

will in any case be small compared to that of the energy storage capacitors.

There is no practical restriction on the resistance and conductor
cross-section of the cable, except that the cable must be suitably dimen-
sioned for the pulse currents specified both for normal operation and for

fault conditions.

The outer conductor must be insulated for the full 12 kV voltage
against earth, since current polarity reversal will be carried out at the
supply end of the cables until a satisfactory solution has been found for
a remotely controlled reversal switch located at the magnet end. An
additional outer coating is required as protection against mechanical

damage.
5.2 Connectors

The cables will be connected perpendicularly to closely spaced
parallel collector plates (Drawing 224-455-3) by means of special coaxial
connectors (Photo 299-5-69). The end joined to the collector plates of
the magnetic horn or reflectors is exposed to radiation, and therefore
all insulating pieces of the connectors must be radiation resistant and
easily exchangeable in case of damage. Outline dimensions are standard-
ized to make the connectors interchangeable between the three capacitor

discharge systems of the magnetic horn Rl and reflectors R2 and R3.

Constructional details of the connectors are shown in Drawing

224-458-2.
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APPENDIX I

DATA ON THE EXISTING PULSE SYSTEMS

In order to facilitate the design and selection of components for

new pulse systems, the most important components used in the existing

R1, R2, and R3 pulse systems are listed in Table A.I below.

Certain of these items have also been used in the new prototype

module.

2.

Table A.I

Components used in the existing equipment

Energy storage capacitors

Main discharge switch

Crow-bar switch
Auxiliary discharge switch

Safety switch

Energy dump resistor

: a) Type MP-KO3GH416, 17.4 uF, 1.180 kJ,

11.6 kV. Robert Bosch GMBH, Stuttgart,
Germany.

b) Type CX3040, 2 x 23.4 yF, 2 x 1.685 kJ,
12.0 kv. BICC, Holsby, Cheshire, UK.

: a) Ignitron type BK178 and type BK478 (co-

axial). English Electric Valve Co., Ltd.,

.Lincoln, UK.
: b) Ignitron type TH7040, type TH7043, and

type TH7040Z (special model). Thomson
Houston, Thonon-les-Bains, France.

¢ ¢c) Ignitron type PL5553 and type PL

5555. Philips, Eindhoven, Netherlands.

: d) Ignitron type NL-1095. National

Electronics Inc., Geneva, Illinois, USA.

: e) Ignitron type AJ5553 B. AEG,

Frankfurt, Germany.

: As for main discharge switch.
: Made to CERN Drawing NPA 224-325-3A.

: Type CA201A, 13/2 short, 1 kV - 250 A -

1 pole. Gardy S.A., 1211 Genéve 13,
Switzerland.

¢ Made to CERN Drawing NPA 224-456-2,

using 1 k2, 1 kW continuous duty, wire
mesh type resistor. Schniewindt, D 5982
Neuenrade, Germany.



10.

11.

12.

13.
14.

15.

...36_

Energy dump resistor (cont.)

Low-inductance HV pulse cable

HV cable connectors

Current transformers

Crow-bar resistor

Components of ignitron firing
circuit in discharge unit

Components of self-firing
circuit

Ignitron anode heater
Water flow monitor

Water hose connectors

: a) Type KV5037, 40 nH/m.

: b) Type special, 55 nH/m.

: b) Resistors:

¢ Infrared lamps, 250 W.
: Type V1-Gl5.

: Type T2SI.

: b) Made to CERN Drawing NPA 224-457-2,

using 8 discs type Y763, 150 i +20%.
Morganite Resistors Ltd., Bede Industrial
Estate, Jarrow, County Durham, England.

Datwyler
A.G., Altdorf, Switzerland.

Les C8bles
de Lyon, Lyon, France.

: Made to CERN Drawing NPA 224-458-2 by

R. Merz, 13 ch. des Coquelicots, CH 1214
Vernier/GE, Switzerland.

¢ a) Toroidal air-core pick-up coils and

electrical integrator. This type will
be replaced by b) or similar.

¢ b) Current transformer made to CERN

Drawing NPA 224-326-3A. Tests on this

TYPE are not concluded.

: Made to CERN Drawing NPA 224-448-3,

by A. Besson, CH 1260 Nyon, Switzerland.

: a) Isolating transformer type EAB-W1224.

Elektro-Apparatebau AG, CH 2608
Courtelary/ BE, Switzerland.

: b) Capacitor type Erie 5000, P AN

3000 VW.

: c) Diode type AEG SI 03 N.
: d) Resistor 5.6 @ type Painton P200 IF,

2.Y.C.

: a) Diode type Silec P200 H.

10 @, 100 Q, 1 k0,
Painton, 6 W.

¢ ¢) Capacitor 0.05 puF type Bosch

MP, 2.5/3.75 kV.
Philips, Holland.
Eletta, Segeltorp, Sweden.

Walter Praz., Wuppertal,
Germany.



16.

17.

18.

19.

20.

Voltmeter

24 V d.c. connector
Trigger pulse connector

220 V a.c. connector (for
IR lamps)

Coaxial cable connectors

_37...
: Type DQ48R (200 msec full scale), 12 kV
voltage divider. Miller and Weigert,
D8500 Nurnberg, Germany, Kleinreuther Weg 88.
: Type UTO 2-14-12P-5T. Burndy.
: Type MS3102A 18-16P. Cannon.

: 3 pole, 6A, 250 V plug fixed. Metronic
AG, Zurich.

: BNC 50 Q.



THE 130 kJ CAPACITOR DISCHARGE INSTALLATION (consisting of 13 parallel
branches ).Photo CERN n°96_9_66

PULSE CABLE CONNECTIONS TO REFLECTOR R 2.
Photo CERN n° 46_6_67



HIGH VOLTAGE SWITCH. Photo CERN n©° 26_11_66
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ENERGY STORAGE AND DISCHARGE SWITCHING ASSEMBLY MODULE (MODEL CLOSED )

Photo CERN n©° 195.5.69 and n° 194_.5_69



HIGH VOLTAGE COAXIAL CONNECTOR
Photo CERN n° 299._5.69

TRIGGER UNIT.Photo CERN n° 286_5.69
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Negative particle
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Approx. diameter R2: 2000
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